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The main purpose of this paper is to investigate the perturbation bounds of
the tensor eigenvalue and singular value problems with even order. We
extend classical definitions from matrices to tensors, such as, A-tensor and the
tensor polynomial eigenvalue problem. We design a method for obtaining a
mode-symmetric embedding from a general tensor. For a given tensor, if the
tensor is mode-symmetric, then we derive perturbation bounds on an algebraic
simple eigenvalue and Z-eigenvalue. Otherwise, based on symmetric or mode-
symmetric embedding, perturbation bounds of an algebraic simple singular value
are presented. For a given tensor tuple, if all tensors in this tuple are mode-
symmetric, based on the definition of a A-tensor, we estimate perturbation bounds
of an algebraic simple polynomial eigenvalue. In particular, we focus on tensor
generalized eigenvalue problems and tensor quadratic eigenvalue problems.

Keywords: algebraic simple; mode-symmetry; mode-symmetric embedding;
mode-k tensor polynomial eigenvalue; tensor generalized eigenvalue; tensor
quadratic eigenvalue; tensor generalized singular value; nonsingular tensor

AMS Subject Classifications: 15A18; 15A69; 65F15; 65F10

1. Introductions

Qi [1] defined two kinds of eigenvalue and investigated relative results similar to the matrix
eigenvalue. Independently, Lim [2] proposed another definition of eigenvalue, eigenvectors,
singular value and singular vectors for tensors based on a constrained variational approach,
much like the Rayleigh quotient for symmetric matrix eigenvalue (see [3, Chapter 8]).
Chang et al. [4,5] introduced the eigenvalue and defined generalized tensor eigenprob-
lems. To our best knowledge, Kolda and Mayo [6], Cui et al. [7] proposed two algorithms
for solving generalized tensor eigenproblems, and they pointed out that the generalized
eigenvalue framework unifying definitions of tensor eigenvalue, such as, eigenvalue and
H-eigenvalue [1,2], E-eigenvalue, Z-eigenvalue [1] and D-eigenvalue [8]. Ding and Wei
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[9] focused on the properties and perturbations of the spectra of regular tensor pairs and
extended results from matrices or matrix pairs to tensor pairs.

Li and Ng [10,11] extended the well-known column sum bound of the spectral radius
for nonnegative matrices to the tensor case, and also derived an upper bound of the spectral
radius for a nonnegative tensor via the largest eigenvalue of a symmetric tensor.

Throughout this paper, we assume that m, n (> 2) are positive integers and m is even.
We use small letters x, u, v, ..., for scalars, small bold letters x, u, v, ..., for vectors,
capital letters A, B, C, ..., for matrices and calligraphic letters A, 5, C, ..., for tensors.
Denote [n] by {1, 2, ..., n}. Denote (n) by {n1,n2,...,n,}.

The set T, , consists of all order m dimension 7 tensors and each element of A € T}, ,
is real, that is, A; ,..,, € R where iy € [n] with k € [m], and the set T},, (,) consists of all
order m tensors of size nj X ny X - -+ x n,, and each element of A € Ty, (,) is real, that is,
Aiiy..iy € R where iy € [ng] with k € [m]. For a vector x € C", [x]I? = x*x where ‘x’
represents conjugate transposition, |x|;; means x{" + x3' + --- + x,". In particular, when
x € R”, the vector m-norm for |x|} is |[x|| = [x1]" + [x2|™ 4+ - - - + |x,|™. 0 means the
zero vector in C".

A € Ty, is nonnegative (see [4]), if all elements are nonnegative, and we denote
nonnegative tensors by NT,, ,. D € T, , is diagonal (see [1]), if all off-diagonal entries
are zero. In particular, if the diagonal entries of D are 1, then D is called the identity tensor
(see [1]) and denote it by Z.

The rest of our paper is organized as follows. Section 2 introduces some definitions,
such as mode-k determinant, the polynomial tensor eigenvalue problem, from matrices to
tensors, derives a method for obtaining mode-symmetric embedding from A € T (n),
and covers a classical result about the perturbation of a simple eigenvalue of A € C"*". In
Section 3, for a mode-symmetric tensor, we derive some perturbation bounds of an algebraic
simple eigenvalue and Z-eigenvalue, based on symmetric or mode-symmetric embedding,
we explore the perturbation bounds of an algebraic simple singular value of A € T, (n).
In Section 4, for a given A-tensor, we derive the first-order perturbation of an algebraic
simple polynomial eigenvalue and obtain the coefficient of the first-order perturbation term.
In particular, we consider the tensor generalized eigenvalue problem, and present a new
perturbation bound of an algebraic simple eigenvalue. We show ill-condition tensors for
computing Z-eigenvalue or singular value via random numerical examples. We conclude
our paper in Section 6.

2. Preliminaries

In this section, we present several definitions generalized from matrices to tensors, we state
some remarks and properties associated with these definitions. We shall recall a lemma
about the perturbation of a simple eigenvalue of a matrix A € C**".

2.1. Definitions

The mode-k product (see [12,13]) of a tensor A € T, , by a matrix B € R"*", denoted by
A x; Bisatensor C € Ty, »,

n
Ciy gt it oim = E Aiy i vivigarimD i, k€ [m].

ir=1
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In particular, the mode-k multiplication of a tensor A € T, , by a vector x € R" is
denoted by Ax;x. When we set C = Ax;X, by elementwise, we have

n

Ci ik ik 1oim = E :Ai1~-~ik—likik+1-~~imxik'

ir=1

Let m vectors x; € R, AX1X] ... XXy, is easy to define. If these m vectors are also the
same vectors, denoted by x, then AXX... X,,X can be simplified as Ax". The mode-k
product of a tensor A € T,y (,y by a matrix B € RP*" is easy to define.

The Frobenius norm of a tensor A € T, () (see [13,14]) is the square root of the sum
of the squares of all its elements, i.e.

ny  nz Nm

Ml = | D D Y A2

i1=1ir=1 im=1

which is a generalization of the well-known Frobenius-norm of a matrix A € C"*",
Analogous to the reducible matrices (see [15, Chapter 2]), A € T, is called reducible
(see [4]), if there exists a nonempty proper index subset / C {1, 2, ..., n} such that

Aiiy.iy =0, foralliy € I'andis, ... iy ¢ 1.

If A is not reducible, then we call A irreducible.

A is called symmetric (see [1,2]) if A;,;,..;, is invariant by any permutation s, that is,
Aiviy..im = Axliy.is.....in)» Where all iy € [n] with k € [m]. We denote all symmetric tensors
by ST n.

Symmetric tensor is a special case of the following definition of ‘mode-symmetric’. We
shall provide a more general definition about mode-symmetric of a tensor.

DeriNiTION 2.1 Let A € Ty A is called mode-symmetric, if its entries satisfy the
following formulae

Aiig.ig = Aisisimiy =+ = Aipyiyin_1»

where iy € [n] with k € [m]. We denote all mode-symmetric tensors by M STy, p.

The following definition generalizes that of Lim [2], and when x*X is represented by
x| x, this definition extends that of Qi [1].

DeriNiTION 2.2 Let A € Ty . For any k € [m], if there exists unit x;, € C" and ,y € C
such that

./4>_<1Xk...>_<k_1Xk>_<k+1Xk...>_<ka=)»ka, 2.1
then the pair (A, Xi) is called a mode-k E-eigenpair of A.
If x; € R" and A, € R, then the pair (7, Xx) is called a mode-k Z-eigenpair of A.
Moreover, the mode-k E-spectrum and Z-spectrum of A are defined as
Ex(A) = {A|X is a mode-k E-eigenvalue of A},
Zi(A) = {A|A is a mode-k Z-eigenvalue of A}.
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Given A € T, ,, a mode-k eigenpair, which is a little bit different from Lim [2], is
defined as follows.

DeriNiTION 2.3 Let A € Ty p. For any k € [m), if there exists nonzero X, € C" and
M € C such that

- - - - -1

.AX]Xk...kalxkxk+1xk...xmxkZXkX][{m ], 2.2)

where x"—1 = (xi"_l,xé”_l, oy X"IT then the pair (M, Xi) is called a mode-k
eigenpair of A.

If xy € R" and A, € R, then the pair (Mg, Xg) is called a mode-k H-eigenpair of A.
Moreover, the mode-k spectrum oy (A) of A is defined as

or(A) = {A|A is a mode-k eigenvalue of A}.

The mode-k spectral radius pg(A) is max{|A| | A € ox(A)}. While the spectral radius
p(A) of atensor A is denoted by p(A) = max|<i<m Pk (A).

Mode-k eigenvectors are generalized by left and right eigenvectors of a matrix
A € R"™". For k € [m], some properties of the mode-k eigenpairs of A are presented
in the following:

(a) Given atensor A € T, , and a vector x € C", the following equalities
AXXX3X ... XX = AXIXX3X ... XpX = - - = AX(XX2X ... Xp—1X

do not hold. However, when A is symmetric or mode-symmetric, above equalities
hold.

(b) Generally, oy (A) (k € [m]) are different sets. Furthermore, pr (A) # p;(A), where
k #1 € [m].

(c) Suppose that A is symmetric (mode-symmetric), if (A, X) is a mode-k eigenpair
of A, then, (A, x) is also other mode-/ eigenpairs of A, where k # [ € [m].
Furthermore, o (A) (k € [m]) are the same sets, denoted by o (A).

Now, we state the reason why (a) exists for symmetric or mode-symmetric tensor. Without
loss of generality, let m = 4. We have

n
(AX2XX3XX4X); = Z Aijrix jxpx,

jki=1
n n
(AX1XX3XX4X)j = Z Ajjraxixgx; = Z A jri XX x;,
iki=1 kli=1

n n
(A ixxoxx g = Y Ajjuxixixs = ) AwijXexix),

iji=1 lij=1

n n
(.A>_<1X>_(2X>_<3X)[ = Z .A,-jk/xix]-xk = Z .A[,-jkxixjxk.

ijk=1 ijk=1
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According to Definitions 2.1 and 2.3, we have
Aijii = Ajri = Awiij = Alije, 1, j, k.1 € [n].

Then, (a) holds for symmetric or mode-symmetric tensors.

For a given tensor A € T, ,, if a pair (&, X) is the mode-1 eigenpair of A, then (2. 2) in
Definition 2.3 can be simplified as Ax” ! = Ax" 11 with Ax"~! := AX7XX3X... X,X.
For a symmetric tensor, Qi [1] derived some properties of a mode- 1 eigenvalue. And for a
generic tensor, Chang et al. [16] described mode-1 spectrum and the mode-1 spectral radius.

Qi [1] defined the symmetric hyper-determinant of a super-symmetric tensor .A. The
following definition generalizes from Hu et al. [17, Definition 1.2] and we name it as mode-k
determinant of A with k € [m], where A € Ty, .

DerINITION 2.4 Suppose that A € Ty n. For k € [m], mode-k determinant of A, denoted
by Dety (A), is defined as the resultant of polynomial system

./4>_<1X.. . >_<k,1X>_<k+1X.. . >_<mX =0.

When Det; (A) # O, then A is called mode-k nonsingular.

When k = 1, Hu et al. [17, Corollary 6.5] derived that
Deti(A) = [] M
A;EUI(A)
According to Definitions 2.3 and 2.4, we can derive a more general result:
Detp(A) =[]
Ai €0 (.A)

For the set 7, ,, Chang et al. [4] considered the tensor generalized eigenvalue problem,
and a more general case than the tensor generalized eigenvalue problem is the tensor
polynomial eigenvalue problem. For given tensors Ao, ..., A; € T, , and we define the
A-tensor P;()) as

P =MA 4+ AT AL 4 0AL + A,

Hence, we state the definition of the polynomial tensor eigenvalue problem.

DerINITION 2.5 Foranyk € [m], if there exists nonzero vector x;, € C" and A, € C such
that

PrOu) X 1%k« X g1 Xk Xt 1Xk + - XX = 0,
then the pair (A, Xx) is called a mode-k polynomial eigenpair of P;()).

Ifxy € R" and L, € R, then the pair (A, Xx) is called a mode-k polynomial H-eigenpair
of Pi(A). Meanwhile, we denote the set of P;(A)’s mode-k polynomial eigenvalue by

Ak (Pr(2)) = {A | Detx (P (2)) = 0}
= {A | A is a mode-k polynomial eigenvalue of P;())}.
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Ding et al. [18] defined a regular tensor pair (A, B) with A, B € T, ,. In general,
according to Definition 2.4 and A-tensor P;(A), mode-k regular about a tensor (/ + 1)-tuple
is defined as follows.

DeriNITION 2.6 For a given A-tensor P;(X), a tensor (I + 1)-tuple (A, ..., Ay, Ag) is
mode-k singular if for all A, Dety (P;(X)) = 0 holds, where all tensors in this tuple belong
10 Ty, or if all tensors in this tuple belong to Ty, (n), where these exist two different indices
k,l € [m] such that n; # n;. Otherwise the (I + 1)-tuple (A;, ..., Ay, Ag) is said to be

mode-k regular, where all tensors in the tuple belong to T,, ,.

In this paper, we only consider the tensor polynomial eigenvalue problem where as-
sociated tensor (I + 1)-tuple (A, ..., A;, Ap) is regular. Meanwhile, for a given mode-k
regular tensor tuple, according to Definition 2.6, we know that there exists a X such that
Dety (P, (k)) _# 0. Then, we can choice another (/ + 1)-tuple (.Al, LA .AO) such that
.Az Z -0 A A and there is a one-to-one map between Ak(Pl (A)) and Ak(Pl (A)), where
Dety(A}) # 0and By(A) = M A + A1 A -y + -+ AA + Ap.

Furthermore, we can also suppose that Detk(.Az) # 0, that is, A; is nonsingular. For
a given P;()A), when A; is nonsingular, we will show that, for all k € [m], Ax(P;(X)) are
finite subsets of C.

Meanwhile, for a given tensor (/ + 1)-tuple (A, ..., A1, Ag), we can also define a
(a, B)-tensor. Let Py(a, B) = o' A + o'V BA_1 + -+ aB! "L A + B! Ay. Tt is obvious
that P;(«, B) is a homogeneous polynomial on « and S. The relationship between P;(A)
and Pi(a, B) 1s listed below. If,B # 0, then Pi(a, B) = ,BZPl(a/,B) and if @ # 0, then
P, B) =« P[(ﬁ/oz) where P[(ﬂ/a) A+t A+ -+ A+l Agand t = B/

For a given A-tensor P;(A), when the pair (Ag, X;) is a mode-k polynomial eigenpair of
P;(}), then, we can choose a pair (ag, Bx) such that

Pr(otk, B) X 1Xk -« Xk—1Xk X pp 1%k - - XX = 0

and
N ak/Br, Bk #0,
k =
00, Bk =0,
with (ak, Bx) # (0, 0).
For a given tensor A € T, (n), let X, € R" be nonzero vectors and [|xx|| = 1 with
k € [m]. If (o, X1, X2, . .., X;y) is a solution of this following nonlinear equations

.A>_<2X2>_<3X3 e >_<me = 0X],

.A>_<1X1 >_<3X3 o XXy = 0X),
(2.3)

AX]X] X2X2 .o . Xip—1Xm—1 = 00Xy,

then, the unit vector x; and o are called the mode-k singular vector, k € [m], and singular
value of A, respectively (see [2]).

Meanwhile, for a given tensor A € T, (), its singular value and associated mode-k
singular vectors can be generalized the in followmg form.

DEFINITION 2. 7 Let By € R">"% be positive definite matrices and X; € R be nonzero
vectors where X, Bka 1 withk € [m]. If (0,X1,X2, ..., Xy) Iis a solution of this following
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nonlinear equations

AX2X2X3X3 ... XmXm = 0 B1X1,

AX1X1X3X3 ... XmXm = 0 Boxo,
2.4)

AX X1 X2X2 ... Xpp—1Xm—1 = 0 By X,

then, X; and o are called the restricted mode-k singular vector, k € [m], and restricted
singular value of A, respectively.

When all matrices By, are the identity matrix, Formulae (2.4) reduces to Formulae (2.3).

2.2. Some remarks

As we know, many scholars extended definitions from matrices to tensors. However, for
these definitions, there are some differences between matrices and tensors given in following
remark.

Remark 2.1  For all mode-k E-spectrum of A and all mode-k tensor polynomial eigenvalue
of P;(A), some statements are given.

(1) When A € T,.,, Ex(A) (k € [m]) are the different sets. However, either A is
symmetric or mode-symmetric, Ex(A) (k € [m]) are the same sets, denoted by
E(A). Similar to the case of Z;(A).

(2) When A € T, ,, Dety(A) # Det;(A) with k # | € [m]. Either A is symmetric
or mode-symmetric, for all k € [m], Det;(A) are the same number, denoted by
Det(A).

(3) Ifall tensors in P;(A) are symmetric or mode-symmetric, Ax(P;(A)) (k € [m]) are
the same sets, denoted by A (P;(A)). If there exists a tensor in P;(X) is not symmetric
or mode-symmetric, then the result does not hold.

(4) Hereinafter, when we refer to an Z- (or E- or polynomial) eigenpair (X, X), it means
that (A, x) is a mode-1 Z- (or E- or polynomial) eigenpair.

We know that the matrix eigenvalue problem and the generalized matrix eigenvalue
problem are two special cases of the polynomial matrix eigenvalue problem (see [3]). For
the polynomial tensor eigenvalue problem, similar statements are in following.

Remark 2.2 Let P (A) = M A4V A 1+ 1A+ Agwith A; € Ty i =01 1—1).
The following three special cases of Definition 2.5 should be emphasized.

(@) When! =1, Ay = 7 and Ay is symmetric, Definition 2.5 is a generalization of
Lim [2] and Qi [1] derived some properties of a mode-1 eigenpair, i.e. the tensor
eigenvalue problem.

(b) When! = 1 and A, is not the identity tensor, Chang et al. [4] considered Definition
2.5, and further developed by Zhang [19] with k = 1. We call a pair (Ag, Xx),
satisfying Definition 2.5, is a mode-k generalized eigenpair of a 2-tuple (A, Ay),
i.e. the tensor generalized eigenvalue problem.
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Figure 1. Intuitive performance of msym(A): Al for the first part, the second part represented by
A2; and A3 for the third part. Not labelled part means all zero elements of msym(.A).

(c) When! = 2, We call a pair (A, xi), satisfying Definition 2.5, is a mode-k quadratic
eigenpair of a 3-tuple (A3, Ay, Ap), i.e. the tensor quadratic eigenvalue problem.

Some properties of the mode-k tensor matrix product are given as follows.

Lemma 2.1 ([14, Property 2 and 3], [13]) Given a tensor A € Ty, , and the matrices
F € R"™" and G € R"™". For different integers k and l, one has

Axi )X G=AxG) x  F=Ax Fx;G, ( Ax F)x;) G=Ax,(G-F),

where ‘-’ means the multiplication of two matrices.

Suppose that A € C"*", Wilkinson [20], Demmel [21] and Stewart and Sun [22]
concentrated on computing the condition number of a simple eigenvalue, respectively.

LemMma 2.2 ([21, Theorem 4.4], [22, Theorem 2.3]) Let A be a simple eigenvalue of A
with right eigenvector X and left eigenvector 'y, normalized so that |X|| = |lyll = 1. Let
A + 8A be the corresponding eigenvalue of A + §A. Then

y 6 Ax 2
Sr = =—— + O(lI8All3), or
yx
I8All2 2 _ 2
162] < + O([I8A]3) = sec Oy, x)[[8All2 + O([I5A[l2),

y*x
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where ©(y, X) is the acute angle between'y and x and || Al|2 is the largest singular value
of the matrix A. In other words, sec ©(y,x) = 1/|y*x| is the condition number of the
eigenvalue A.

2.3. Symmetric and mode-symmetric embeddings

Assume that A € R™*" well known relationship exists between the singular value de-
composition of A and the Schur decomposition of its symmetric embedding sym(A) =
([0 A; AT 0]) (see [3, Chapter 8.6]). For a general tensor A € T, (), Ragnarsson et
al. [23] derived a method for obtaining a symmetric embedding sym(.A4) from .4, where
sym(A) € ST, s withit =ny +ny+ -+ +ny.

In the rest of this subsection, we consider how to obtain a mode-symmetric embedding
msym(A) from A, where msym(A) € MST,, ; within =ny +na+ -+ ny.

Let K, = ny +ny+---+ns, t € [m], and msym(A) € Ty, k,,. Then all entries of
msym(.A) satisfy

A 1<ii<K|,Ki+1<ip <Ky, Kp+1<i3<K3
K3+1<ig<Ky4,....Kpy_1+1=im < Kp,
Ay imiy Ki+1<ip <Ky Kp+1<i3<Ksz K3+1=<i4<Ky,

o K1+ 1 =<0 <K, 1 <01 £ Ky,

iVi2. i

msym(A);, iy .i =

Aiivi—y Km—1+1=<im <Km,1<i1 <K.Ki +1=<ih <K
Ky+1<i3<Ksz,....Kyy2+1=<ip_1<Kp_1,
0 otherwise.

According to Definition 2.1, it is obvious that msym(.4) is mode-symmetric. When
m = 3, intuitive performance of msym(.4) is given in Figure 1.
Suppose that x; € R" with k € [m]. Letx = (xr, x;—, e, X;)T, then, we have

sym(A)x" # msym(A)x" = mAX X] X2X2 . .. XmXp.

Meanwhile, according to A and x; with k € [m], it is easy to derive all entries of
msym(A)x”~!. Here, we do not list them out. The reader can also find these expressions
of sym(A)x" and sym(A)x" ! in [23,24].

3. Perturbation bounds of Z-eigenvalue and singular value

In this section, we consider the properties of eigenvalue and Z-eigenvalue of a mode-
symmetric tensor. We also investigate perturbation bounds of an algebraic simple eigenvalue
and Z-eigenvalue of a mode-symmetric tensor. Finally, given a tensor A € T, (n), based
on symmetric or mode-symmetric embedding from A, perturbation bounds of an algebraic
simple singular value are obtained.

3.1. Properties of eigenvalue and Z-eigenvalue

In this subsection, we assume that A € ST, ,. Qi [1] derived some properties of eigenvalue
and Z-eigenvalue of a symmetric tensor. Those results also hold with a mode-symmetric
tensor. In order to prove Theorems 3.2 and 3.4, we need the following theorem.
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TueoreMm 3.1  Assume that A is a mode-symmetric tensor and m is even. The following
conclusions holds for A:

(@) A always has H-eigenvalue. A is positive definite (positive semidefinite) if and only
if all of its H-eigenvalue are positive (nonnegative).

(b) A always has Z-eigenvalue. A is positive definite (positive semidefinite) if and only
if all of its Z-eigenvalue are positive (nonnegative).

Proof  Firstly, we prove part (a). We see (2.2) is the optimality condition of

n
max {Ax’” :in’"zl,xeR"} 3.1
i=1
and
n
min {Axm:Zx{”:I,xeR"]. (3.2)
i=1

As the feasible set is compact and the objective function is continuous, the global maximizer
and minimizer always exist. This shows that (2.2) has real solutions, i.e. A always has H-
eigenvalue. Since A is positive definite (positive semidefinite) if and only if the optimal
value of (3.1) is positive (nonnegative), we draw the second conclusion of (a).

Now, we will prove part (b). The proof of (b) is similar to the proof of (a), as long as

we replace by
n
max :,Axm : lem =1,x¢€ R"}
i=1

and

n
min {Axm : lem =1,x¢€ ]R”} .
i=1

3.2. Algebraic simple Z-eigenvalue

Suppose that A € M ST, ,. Since m is even, then there exists a positive integer /& such
that m = 2h. Denote by £ the tensor / ® I ® - -- ® I. A always has Z-eigenvalue (see [1,
—_—

h
Theorem 5]), if X is an Z-eigenvalue of A, it is known that  is a oot of Det(A—1E) =0
(see [1, Theorem 2]).
It is observed (see [25]) that the complex E-eigenpairs of a tensor form the equivalence
class under a multiplicative transformation. That is (see [26]), if (A, x) is an E-eigenpair of
Aandy = ¢x with ¢ € R, where t = /—1 then y*y = x*x = 1 and

Aym—l — et(m—l)(pAXm—l — et(m—l)(p)LX — et(m—Z)(p)Ly' (33)

Therefore, (¢! 2% )., ¢'x) is also an E-eigenpair of A for any ¢ € R. Then, we can choose
@y such that (e!" =29 1| ¢'¥+x) is a Z-eigenpair. Hence, without loss of generality, we only
consider the perturbation bounds of a Z-eigenvalue of a symmetric or mode-symmetric
tensor.
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Chang et al. [4] defined the geometric multiplicity of an eigenvalue A, meanwhile,
Hu et al. [17] considered the algebraic multiplicity of an eigenvalue A. Similarly, we can
define the geometric and algebraic multiplicity of an Z-eigenvalue. An algebraic simple Z-
eigenvalue is defined as an Z-eigenvalue whose algebraic multiplicity is one. This definition
is applicable to a generalized eigenvalue, a polynomial eigenvalue and a singular value. We
present the perturbation bound of an algebraic simple Z-eigenvalue A of A + 1.

THEOREM 3.2 Suppose A, B € MST,, , and ¢ € R. Let (7, X) be an algebraic simple
Z-eigenpair of A. Then there exists g > 0 and an analytic function ).(g) with |e| < g such

that da
A0)=Ar, AN(0O)= — = Bx",
de |,_o
withx " x = 1. Therefore, A(¢) is an algebraic simple Z-eigenvalue of A+&B over || < &,
and

A(e) = A+ eBxX™ + 0(£%).

Proof When A is symmetric, we know that A always has Z-eigenvalue (see [1, Theorem
5]), that is, Z(A) is the nonempty set. This result also holds when A is mode-symmetric
(see Theorem 3.1).

By the description of Qi [1], the E-characteristic polynomial of A + 15 becomes

@e(z) = Det(z€ — A — eB).

It is obvious that ¢, (z) is an analytic function associated to ¢ and z. Define ©, :={z € C :
|z — A| < r}. Let r be arbitrarily small such that Z(A) N ®, = {1}. Denote the boundary
of ®, as 0®,. Then min 3o, |po(z)| =y > 0.

Since ¢, (z) is a continuous function of &, then there exists &g > 0, such that for all ¢
with |e| < €, ¢, (z) has only one zero point in ®, and min;¢p, |¢:(z)| > 0.

le|<e
It follows from the Residue Theorem (see [27]) that the zeroopoint A(e) of ge(z) in D,

can be represented as A(g) = % faD,. Z‘Zé((zz)) dz, where ¢.(z) = dg:(z)/dz.

Noting that Z(ZE((Z? and d% (Z(zf((zi) ) are continuous on 9%, by the differential and integral

order exchange theorem, A(¢) is an analytic function, if |¢] < go. Hence, A(¢) can be
expressed as

A(e) = 1(0) + A/ (0)e + O(?),  1(0) = A, || < «o.
For an algebraic simple Z-eigenvalue A of a mode-symmetric tensor A, if there exist two
real vectors x; and x, such that

sznil = )\,Xl', XlTX[ = 1, i € [2]’

then, it is obvious that if x; = ¢x, then ¢ satisfies that ¢2 = 1 and ¢ 2 = 1. In this case,
we can see that x| and X, are the same vectors, otherwise, we see that x| and X, are the
different vectors. Hence, we denote

é = min{|ly — x|| : y and x are the different eigenvectors associated with A}.

Then, over {z € C" : ||z — x| < &}, there exists a unique eigenvector x of A associated to
X. (For an algebraic simple Z-eigenvalue A, if its geometric multiplicity is also 1, then set
8 <e&o.)
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For an algebraic simple Z-eigenvalue A(¢g) of A+ ¢, since A(g) is an analytic function
with |¢| < &g, then there exists § = min{8, &9} such that |x(¢) — x| < 8§ and x(¢) is
the unique eigenvector of A + ¢85 corresponding to A(g). According to some results about
algebraic functions (see [28]), we derive that x(¢) is an analytic function, where |g| < 5
and x(0) = x.

As (A+eB)x(e)™! = r(e)x(e), by differentiating this equation with respect to &, and
setting ¢ = 0, we have

A% + Bx(0)"' = X (0)x(0) + A (0)x'(0),

where AX = A(x2Xx'(0)x3x(0) ... X,X(0) 4 - - - + X2x(0) . .. X,—1X(0) X, X' (0)).
Since (%, x) is a mode-k Z-eigenpair and ||x|| = 1, then

2'(0) = Bx(0)" = Bx".
Hence, this theorem is complete proved. Il

Gohberg and Koltracht [29] studied condition numbers of maps in finite-dimensional
spaces F' : R? — R9. The condition number of F at a point a € Dp characterizes the
instantaneous rate of change in F'(a) with respect to perturbations in a.

Then, another perturbation result of an nonzero algebraic simple Z-eigenvalue . = 1(.A)
is considered, whose associated eigenvector X is a real nonzero vector with ||x|| = 1. It is
well known that the map Fg : ¢ — A(A + ¢B3) is analytic in a neighbourhood of 0 (see
[17]). Therefore, the map F : A — A(A) has continuous partial derivatives with respect to
each entry at A and

oOF F(A+1tJ)— F(A)

(.A) := lim = XiXig oo Xipys
3,’11'2__.,'”, t—0 t
where 7 is the zero tensor except for 7;,;,..;,, = 1. Here, we give an example to illustrate

the meaning of 7. Without loss of generality, let m = 4 and (i1, iz, i3,14) = (1,2, 3,4),
then 7 can be written as ./ = e| o e o e3 o €4 where ¢; is the ith column of the n x n
identity matrix with i € [4]. Then, all entries of 7 are given in following:

T hisis = €1(j1e2(j2)e3(j3)es(ja),

where ji € [n] and e (ji) is the jith element of e, with k € [4]. In general, 7 =e;, oe;, o
-+ oe;, where e;, is the ixth column of the n x n identity matrix with k € [m].
Hence, as a map from R™ — R, F is differentiable at A and

5 o .

F/(A):[ IF 9F  9F IF }

1.1 Ol...1n 021..1 Onn...n

According to a formula by Gohberg and Koltracht [29], for relatively small componen-
twise perturbations in A, i.e.

[Eivi.im| < €l Aiyin i), ik € [n], k € [m],

where £ € M ST, , and ¢ > 0 is arbitrarily small, the sensitivity of F (A) is characterized
by the componentwise condition number of F at A is
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F'(A)D
o(F. A) = | F(A) .A”oo’

IF (Ao

where D 4 = diag(Ai1..1, ..., A0 A211, -+ o Apnn), and A # 0.
It indicates that

c(F, A
A axaxg Xy A X XX, Aopaxexy X e ArnenXnXn - Xn) lloo
B Al ’

where the infinity norm of the map F'(A)D 4 is, in fact, the 1-norm of the row vector that

represents it. Thus

Dt it it X Xiy - X | A [X]™
[A] [A]

c(F, A = ,
where an absolute value of a tensor is the corresponding tensor of the absolute values of its
entries. Thus, if £ is a perturbation of .4, then we have a relative perturbation bound of a
nonzero Z-eigenvalue.

TueoreM 3.3 Suppose that € € M STy, ,, such that |E;,i,. i, | < €l Aiis..i, |, Wwhere iy €
[n] with k € [m]. Then, for an algebraic simple Z-eigenvalue ). # 0, there exists an
Z-eigenvalue ). of A + & such that

% — Al

T c(F, Ae + 0(&?).

For an irreducible and mode-symmetric nonnegative tensor, the perturbation bound of
the Z-spectral radius is derived from Theorem 3.3.

CoroLLARrY 3.1 Let A € MSTy . If A is nonnegative and irreducible, and suppose
that £ € M STy, ,, such that |E| < e A, (0 < ¢ < 1). Let 0 and o, denote, respectively, the
Z-spectral radius of A and A+ E. Then

loe — ol —e

e

Proof Since |E| <eA, ie. &, i, | <eAi. we can write it as

colm

0<A—-cA<A+E<A+ceA.

Since Z-spectral radius o(-) of A is monotone, it follows that o(A — e A) < p(A+ &) <
o(A+sA). As o(A £ eA) = (1 £&)o(A), we obtain that

(I—=¢8o =<0 =(1+¢)o.

As o > 0, the last inequality is equivalent to the result. ]

Since A always has Z-eigenvalue, then, according to Theorem 3.2 and formula (3.3),
when (A, x) is an algebraic simple E-eigenpair of A, the perturbation of A can be also
considered.
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3.3. Algebraic simple eigenvalue

An algebraic simple eigenvalue is defined as an eigenvalue whose algebraic multiplicity is
one. We present the explicit expression of an algebraic simple eigenvalue A of A + B,
which extends the classical results in [22, Theorem 2.3].

THEOREM 3.4  Suppose A and B € MSTy n, and ¢ € R. Let (A, X) be an algebraic
simple eigenpair of A. If |x|'" # 0, then there exists ey > 0 and an analytic function ()
with |e| < &g such that

di Bx™

A0 =x, A0 = — -,
d8 =0 |X|%

Therefore, A(g) is an algebraic simple eigenvalue of A + BB over |¢| < g9, and

m

Bx 5
AMe)=A+e——+ 0(e).

x|

Particularly, if (A,X) is an algebraic simple H-eigenpair of A, normalized x so that

x| = 1. Then there exists &g > 0 and an analytic function \(g) with |e| < go such
that
da
A0)=Ax, N0 = — = Bx".
de =0

Thus, A(¢) is an algebraic simple H-eigenvalue of A + BB over |¢| < &g, and

AE) = A+ eBX" + O(&?). (3.4)

Remark 3.1 For Theorem 3.4, when A and B are irreducible and symmetric nonnegative
tensors, and let € be a positive number, formula (3.4) can be reduced to the result by Li et al.
[11, Theorem 5.2].

Another perturbation result of an nonzero algebraic simple H-eigenvalue A = A(A) is
considered, whose associated eigenvector X is a real nonzero vector.

It is well known that the map Fg : ¢ — A(A + ¢B) is analytic in a neighbourhood of
0 (see [17]). Therefore, the map F : A — A(A) has continuous partial derivatives with
respect to each entry at A and
oF (A) = lim F(A—I—IJ)—F(A):xilx,-z...xi

0ivin.i =0 t (117

m
3

where J = e;, oe;, o---oe; where e, is the iyth column of the n x n identity matrix with
k € [m].

Hence, as a map from R™ — R, F is differentiable at A and
oF oF oF oF i|

y o .

F'(A) =[

1.1 Ol..1n 021..1 Onn...n

Based on a formula by Gohberg and Koltracht [29], for the componentwise perturbations
in A, ie.

1Eivi.in| < €l Aiyin. i), ik € [n], k € [m],
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where £ € M ST, , and ¢ > 0 is arbitrarily small, the sensitivity of F'(.A) is characterized

by the componentwise condition number of F at A

| F'(A)Dallso
I1F (A lloo

where D 4 = diag(Ai1.1, ..., A1 A211, .o, Apnn), and A # 0.
It indicates that

c(F, A =

’

c(F, A)
A axaxgxy e A XXX, Ar XXt X e A nXnXn - Xn) lloo
] '

where the infinity norm of the map F’'(A)D_4 is 1-norm of the row vector that represents
it. Thus "
D inin.ip=1 Mitiz.inXin Xy - i | | A||x|™

A A1l

where an absolute value of a tensor is the corresponding tensor of the absolute values of its
entries. Thus if £ is a perturbation of .4, then we have the relative perturbation bound of an
algebraic simple H-eigenvalue A.

c(F, A =

TueoreM 3.5 Suppose that € € M STy, , and |E;\iy. i, | < €l Aiis..i,, |, Where iy € [n]
with k € [m]. For an algebraic simple H-eigenvalue A # 0, then there exists an eigenvalue
x of A+ & such that

h =2

|A]

For an irreducible and mode-symmetric nonnegative tensor, the perturbation bound of
the spectral radius, is derived from Theorem 3.5.

< c(F, Ae + 0(&?).

CoroLLARY 3.2 Let A € MSTy . If Ais nonnegative and irreducible, and suppose that
E e MST, nand |E| < eA, (0 <e < 1).Let p and p, denote the spectral radius of A
and A + &, respectively. Then
lpe — ol <
P

im| < 8A;

0<A-—-cA<A+E<A+ceA.

Proof Since |E] < eA, ie. |&;, we can write it as

volm

Since spectral radius p(-) of A ia monotone [30], it follows that p(A —eA) < p(A+E) <
p(A+eA).As p(Ax+eA) = (1 £¢)p(A), we obtain that

(I—-8)p<p:<=1+e)p.

As p > 0, the last inequality is equivalent to the result. ]

Remark 3.2 This corollary is a special case of Theorem 3.5, if A is an irreducible nonneg-
ative tensor, c(F, .A) = 1 for the spectral radius. For nonnegative matrices, the perturbation
of Perron root has been discussed by Elsner et al. [31].



Downloaded by [Fudan University] at 15:44 14 August 2015

16 M. Che et al.

3.4. Singular value

For a given a tensor A € T, (), Ragnarsson et al. [23] explored the singular value o and
mode-k singular vectors x; through its symmetric embedding sym(.A), and Chen et al.
[24] further developed the connection between tensor singular value and its symmetric
embedding eigenvalue. In the rest part, we consider the connection between tensor singular
value and its mode-symmetric embedding Z-eigenvalue.

First, through the example when m = 3, we derive the process for implementing how
to transform tensor singular value to its mode-symmetric embedding eigenvalue.

When m = 3, formulae (2.3) can be simplified as

.A>_<2X2>_<3X3 = 0Xj, .A>_<1X1>_<3X3 = 0X), A>_<1X1 >_<2X2 = 0X3. (3.5)
Elementwise, we have

ZAijkx2,jx3,k =ox1,, ZAijkxl,ixlk =o0x2,], ZA,»jkxl’,-xz’j =ox3k  (3.6)

.k i.k iJ

where A € T3 ¢y, with i € [n1], j € [n2] and k € [n3].
In formulae (3.6), when we change the sum order, then, componentwise, we have

ZAiijZ,jX3,k =0X1,, ZAjkix3,kxl,i =o0x2j, ZAkijxl,ixlj = 0X3k.
Jjik ki ij

Let x = (x|, xJ,x7)7, then we have ||x|| = 1. This is because that ||xx| = 1
ﬁ 1 k) 2 k) 3 ) . ’
k € [3]. We have || (XIT, sz, X3T)T || = /3. Hence, the formulae (3.5) can be transformed as

1 - - 1 - -
—msym(A) x,xx3X = oX, —msym(A)xXx3X = 0X,

V3 V3
1 _
—msym(A) X XXX = oX.
V3
Furthermore, when we set JZ( = %msym(A), then, the above formulae is equivalent to
Ax* =ox, |xlla=1.

Generally, for a given tensor A € T, (»), through the above description, formulae (2.3)

can be transformed the following eigenvalue problem. Suppose (o, X1, .. ., X,;) is a solution
of (2.3), with ||xx|| = 1, k € [m]. Letx = \/L%(XIF, Xy, ..., %) ", then we have [x|| = L.
This is because that ||x|| = 1, k € [m], we get | (x{. x5, ....x)) 7| = /m.

Thus, we can derive

m—2 _ _ _
( ) msym(A) X2XX3X... XX = 0X,

s-8-

m—2 _ _ _
( ) msym(A) X | XX3X... XX = 0X,

msym(A) X XXX ... X;_1X = OX.

N
0

8

N—"
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~ m—2 ~
Furthermore, let A = (ﬁ) msym(A), then (o, X) is an Z-eigenpair of A, that is,

(0, x) is the solution of nonlinear equations
A =ox, x| = 1.

Meanwhile, we have that both msym(.A) and Aare mode-symmetric. The value o is called
an algebraic simple singular value, when o is an algebraic simple Z-eigenvalue of A.

According to symmetric or mode-symmetric embedding of A € T, (,) and the pertur-
bation bounds about an algebraic simple Z-eigenvalue of a mode-symmetric tensor, it is
obvious to derive these three theorems about the perturbation of an algebraic simple singular
value. Hence, the proof is omitted.

TueOrREM 3.6  Suppose A, B € Ty, (ny. Let (0,X1, X2, ..., Xp) be a solution of (2.3) and
o be an algebraic simple singular value of A with x; € R" _ k € [m]. Then there exists
eo > 0 and an analytic function o (¢) with |e| < &g such that
, do - - -
c0)=4A, (0= — = BX X1 X2X2 ... XX,
de e=0

with X];er =1 (k € [m]). Therefore, o (¢) is an algebraic simple singular value of A+ eBB
over |e| < &9, and

o(e) =0 + eBX X X2X2 . .. XmXm + O (7).

TueoreM 3.7 Suppose that £ € Ty n) and |Eiiy..i,,| < €l Aijiy..ip, |, Where iy € [ng]
with k € [m]. Then, for an algebraic simple singular value o # 0, there exists a singular
value o of A + & such that

o — o]

o]

where ¢(F, A) = ﬁ|.¢4|>_<1|x1|>_<2|x2| e Xm|Xpm| and all xi are the mode-k singular
vectors associated with o .

< c(F, Ae + 0(&?),

CororrLary 3.3 If A is nonnegative and irreducible, and suppose that £ € T,, () and
€] <€A, (0 <& < 1). Let 6 and 6, denote, respectively, the largest singular value of
Aand A+ E. Then
log — o
— < e¢.

o

4. Perturbation for the case of P;(1)

In this section, we derive perturbation bounds of an algebraic simple mode-k tensor poly-
nomial eigenvalue Ag in Ag(P;(1)). However, according to Remark 2.1, all sets Ax(P;(A))
are different. When we suppose that all tensors in P;(A) are symmetric or mode-symmetric
and 4; is nonsingular, we can see that all sets Az (P;(1)) are the same finite set, denoted
by A(P;(1)), and an algebraic simple mode-k polynomial eigenvalue A can be simplified
as an algebraic simple polynomial eigenvalue A. Hence, we just study some perturbation
bounds of A.
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Meanwhile, we denote AP;(A) by A'AA; + AI7TAA 1 + -+ + AAA; + AAg with
AA; € T i =0:1-1).

4.1. Tensor generalized eigenvalue problem

According to Remark 2.2, for a given tensor pair (A, B) with A, B € T, ,, the ten-
sor generalized eigenvalue problem is a special case of the polynomial eigenvalue prob-
lem with [ = 1. Since A and B are mode-symmetric, then the set of all generalized
eigenvalue A of a pair (A, B) is A(P;(A)) with Pi(X) = A + A(—B). When B is non-
singular, some perturbation bounds on an algebraic simple generalized eigenvalue are
considered. The following theorem states a perturbation of an algebraic generalized
eigenvalue A.

Tueorem 4.1 IfAisanalgebraic simple generalized eigenvalue of the pair (A, B). Then,
there exists an algebraic simple generalized eigenvalue A of (A+ €Ay, B+ €B)) such that

’X:)\‘—i— 0(6)7

where |€| < €g with sufficient small €y > 0.

Proof  Since two tensors A and B are mode-symmetric, we can denote the set of tensor
generalized eigenvalue of the pair (A, B) by

A(A, B) = {A € C | Det(A — AB) = 0}.

According to the relationship between the determinant and the eigenvalue of a tensor
(see [17]), we know that Det(A — AB) isan(m — 1)"th polynomial about A with leading
coefficient Det(B).

Since Det(B) # 0, we can derive that there exists € > 0 such that Det(B + €B;) # 0.
Hence, the set of all generalized eigenvalue of the pair (A + €A1, B+ €B)) (Je] < €) can
be denoted by

Ac(A, B) ={r € C|Det((A—AB) 4+ €(A; — 1)) = 0}.

Meanwhile, Det((A — AB) + €(A; — ABB1)) is also a n(m — 1)"~'th polynomial about A
with leading coefficient Det(B + ¢ B1). Det(B +¢B1) is a n(m — 1)"~th polynomial about
€ with the constant term Det(5).

Hence, we know that Det(B + €31) # 0. According to theorems of algebraic functions
of one variable (see [28]), if A is an algebraic simple generalized eigenvalue, then there
exists an algebraic simple generalized eigenvalue X of the pair (A + €Ay, B+ €B)) and
€o > 0 such that

x=Ar+ 0(e),

where |€| < min{é€, €}. O

In the above theorem, there are two statements we need to emphasize the following
issues.

(1) The choice of the tensor pair (Aj, I31) in Theorem 4.1 is not only one. In general,
we suppose that (A}, By) = (A, B).
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(2) Theorem 4.1 only states the relationship about the first-order perturbation of an
algebraic simple generalized eigenvalue, but does not present the coefficient of the first-
order perturbation term.

Hence, in the rest of this subsection, we consider how to present an expression of this
coefficient.

THEOREM 4.2 Suppose that AA, AB € MST, . If » # 0 is an algebraic simple
generalized H-eigenvalue of (A, B) with associated generalized eigenvector x € R". Then,
there exists an algebraic simple generalized H-eigenvalue A of (A + AA, B + AB) such

fhat Foil @+ MBI
— o+ X )
<e€ + O(€7),

7 1Bx"|

where |AA|F < ea and |AB|lp < eBwith0 < ¢ < 1.

Proof Since Det(3) # 0, it is obvious that Bx" # 0 for all nonzero vectors x € R”".
Let A # 0 be an algebraic simple generalized H-eigenvalue of (A, B), with corresponding
eigenvector X, then a normwise condition number of A can be defined as follows,

k(1) := lim sup {% A+ AN+ AT = (L + ANB + AB)(x + Ax)" L
e—0

IAAllF < ea, [[AB|F < 6/‘3}-

Next, we prove that the following formula holds,

@t BIxI"
KO =R

The given expression is clearly an upper bound for x (A). We now show that the bound
is attained. From the definition of a normwise condition number of A, we have

_ AAX™ — AABX™

B Bx'm

LetG = (xoxo---0x)/|x||". Then ||G||r = 1 and Gx™ = ||x||"". Let AA = eaG and
~—— e ———

AX + 0(?). 4.1)

AB = —sign(k)?ag. Then |[AA|r < €x and ||AB]|r < €B and the modulus of the first-
order term of (4.1) is €||x||"" (e + |1|B8)/|Bx™|; dividing (4.1) by €|A| and taking the limit
as € — 0 then gives the desired equality.
From the definition of « (1) we have, for the perturbation system in (4.1),
[AA|

W <k(Me + 0(€).

Hence, the proof is over. |

TueoreM 4.3  Suppose that AA, AB € MST, . If A # 0 is an algebraic simple
generalized H-eigenvalue of (A, B) with corresponding eigenvector x € R". Then, there
exists an algebraic simple generalized H-eigenvalue ) of (A + AA, B + AB) such that

A=A _ _(E+RP)x]

<e + 0(e?),
x| 2] 1Bx™|
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where |AA| < €& and |AB| < e€F with nonnegative tensors £, F € MST;, n and 0 <
€ < 1.

Proof Since Det(3) # 0, it is obvious that Bx" # 0 for all nonzero vectors x € R".
Let A # 0 be an algebraic simple generalized H-eigenvalue of (A, B), with corresponding
eigenvector X, then a componentwise condition number for an algebraic simple generalized
H-eigenvalue A analogous to the normwise condition number is defined by

cond(A) := lim sup {% A+ AKX+ Ax)" !
e—0

— o4+ ANB+ AB)X + A" L |AA| < €€, |AB| < ef] .

From this defintion it follows that,

A cond(e + 0(€
W < cond(A)e + O(e?).

In the following, we will derive the expression of cond(}). First, according to the
definition of a componentwise condition number for an algebraic simple generalized H-
eigenvalue A, we have
(€ + AP x|

|A[|1Bx™|
Next, we will show that the expression for the cond(A) attained when we choose AA =
€€ X1 D xyD--- X, Dand AB = —sign(A)eF X1 D xo D--- x,, D, where D =
diag(sign(x)). Hence, the proof is over. (|

cond(A) >

Remark 4.1 For all nonzero vectors x € C”, when a pair (4, X) is an algebraic simple
generalized eigenpair of the pair (A, B) with Bx™ = 0, the above two theorems also hold.
However, according to Theorem 4.4, it is known that when B is nonsingular and all nonzero
vectors x € C", the inequality Bx™ # 0 holds (also see [17, Theorem 3.1]).

Hence, Theorems 4.2 and 4.3 hold for an algebraic simple generalized eigenpair (X, X)
of a tensor pair (A, 3) when B is nonsingular.

There are many choices for the pair («, 8) and the pair (£, F). In practice, we always
choose (o, B) = (Al F, |1Bllr) and (€, F) = (A, B).

We consider briefly the special case when A is an irreducible nonnegative tensor and 53
is diagonal with positive diagonal entries. Here, the tensor generalized eigenvalue problem
is equivalent to the standard eigenvalue problem for A x; D~!, where D is diagonal and
its diagonal entries is equivalent to the diagonal entries of 5. Perron-Frobenius theorem for
nonnegative tensors (see [4]) will be used in the process of the corollary.

CoroLLARY 4.1 Suppose Ais an irreducible and nonnegative tensor and 3 is a diagonal
tensor with positive diagonal entries. B is a diagonal matrix and its diagonal entries are
equal to the diagonal entries of B. Let Ay be the mode-k Perron root of A x; B~'. Then,
the following statements hold.

(1) All » are equal, denoted by A.
(2) Assume A be simple, and let £ = A and F = B. Then cond(L) = 2.
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(3) Moreover, if A+ AM is the Perron root of the pair (A+AA, B+AB), for0 <e < 1,
then we have
[AX] 2¢
< .
A —1—e

Proof Parts 1 and 2 are trivial to verify. For the third part, we only prove when k = 1.
The rest is analogous to the case of k = 1. Note that since |AB| < €8, with 5 diagonal,
and |[AA| < €A,

1-— 1
€ AXlB_lf.AxlB_lf i .AX]B_l.
1+e€ 1—e€

Since p1(-) is monotone on the nonnegative tensors,

14+¢€

]_
(1 )pl(AxlB )sm(AxlB‘)s(—)m(AxlB‘).
+e€ 1—e€

Hence, the third part is proved. ]

When B is the identity tensor and AB is the zero tensor, part (3) of Corollary 4.1 gives
a perturbation bound about the spectral radius of an nonnegative irreducible tensor.

According to [18, Theorem 2.1] and Det(8) # 0, the number of all generalized
eigenvalue is n(m — 1)"~! and all generalized eigenvalue are finite numbers. Then a
generalized eigenvalue A can be represented as A = «/f with § # 0. Hence, a generalized
eigenpair (X, X) can also be represented as (c, B, x). We can also denote a generalized
eigenvalue A by («, B) or {(«, B), where («, B) = t(«, B) with T # 0. A property of the pair
(o, B) is given below.

TueorEM 4.4  Let {(«, B) be an algebraic simple generalized eigenvalue of the pair (A, B)
with corresponding generalized eigenvector X. Then

(a, B) = (Ax™, Bx™).

Proof  Since det(B) # 0, then A is a finite number. Let A = «/f8, we obtain 8 # 0. For

the vector X, there exists a Householder matrix P such that Px = ||x| e, where e; is the
first column of the identity matrix /.

According to [18] we have that A(A, B) = k(A B) where_ A= A Xp Peoo Xy P
and B =B X1 P - X, P. Then, the pair («, B, e1) satisfies ,B.Ae = ozl%’e1 thatls
(o, B) = (.Ae1 ,Be’]") Hence, the proof is over. O

Similar to Theorem 4.1, we can derive the perturbation bound of an algebraic simple
generalized eigenvalue («, ).

THeEOREM 4.5 Suppose A, B € MST,, . Let (o, B) be an algebraic simple eigenvalue
of the regular pair (A, B) with associated eigenvector X. Let (&, B) be the corresponding
eigenvalue of the O (¢) perturbation (A, B). Then

@, B) = (AX™, Bx") 4+ O(€?).
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Proof  According to the implicit function theory, we find that we may take for the eigen-
vectors corresponding to (a, B) the vectors X = x 4+ u where u = O (¢) (see also [32]). By
Theorem 4.4,

(@, B) = (AX", BX") = (AX" + mu' AX" "' 4+ 0(€?), BX" + mu' Bx"~ + 0(e?)).

Since det(B) # 0, then 8 must be nonzero. Then

muTAXm_l ZQM’ muTme_l :ﬁM
B p
Thus, (mu' Ax"~' muT Bx"™~1) is an order ¢ perturbation of (;lxm, gx’”) that lies along
(o, B). Hence, the proof is over. 4

4.2. Tensor quadratic eigenvalue problem
In this section, we will consider another special case of the polynomial eigenvalue problem
with [ = 2. Suppose that all tensors in P>(A) are symmetric or mode-symmetric and A, is
nonsingular.

Given Py(A) = A2 Ax + A A + A, let . = A/=D andy = ux, then P,(M)x" ! =0
can be represented as

2AY" T+ Ay A =0,
ymH _oxtm=l =,

These above equations are equal to the generalized eigenvalue problems as follows.
A = (=B)R",

where X = (y',x") " and the definitions of A and B are in following:

Aliviaim Wk =12,....n,  kelm],

A0.iv(ig—n)Gim—n) 1 =12,....mig=n+1,n4+2,...,2n, ke[m]—{1},
I(ilfn)iz...im i1=n+1,n4+2,..., 2n;ip =1,2,...,n, ke[m]—{1},

0 otherwise,

Airig.im =

and

_ A ivigin k=12,...,n, kelm],
Biiis.imw = 1 —ZGy—m)ir—n).lim—n) Wk =n+1,n+2,...,2n, ke[m],
0 otherwise,

where, for two given sets X and Y, an element belongs to the set X — Y means that this
element belongs to X, but does not belong to Y. Since A3 is nonsingular and Bis symmetric,
then, according to [17, Theorem 4.2], we obtain that Det(/3) = Det(.Ag)(’"_l)n # 0, hence,
the number of all quadratic eigenvalue is 2n(m — 1)*"~! and tensor quadratic eigenvalue
are finite.

For the tensor quadratic eigenvalue problem, the perturbation of an algebraic simple
quadratic eigenvalue is derived by the following theorem.
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THEOREM 4.6 If A is an algebraic simple quadratic eigenvalue of P>(}), associated
eigenvector X. Then, there exists an algebraic simple quadratic eigenvalue x of P(A) +
A Py(A) such that

A=Ar+0(e).

where |€| < €y with ey > 0.

Proof According to the above description if (A X) is a tensor quadratic eigenpair of
P2(2), then, there exists a vector X = (Al/ on=DxT xT)T and two m-order 2n dimensional
tensors A and B such that AX"~! = y(—B)x"~! If (4, x) is an algebraic simple quadratic
eigenpair, then (1, X) is an algebraic simple generalized eigenpair of the pair (.A —B).
According to Theorem 4.1, for_the palr (.A —B), there exists an algebraic simple
generalized elgenvalue 2 of (.A + eA —(B + EB)) such that & = A + O (€). Meanwhile,
for these two tensors A and B, there exist three tensors AA; (I = 0, 1, 2) such that A
is the algebraic simple quadratic eigenvalue of P>(A) + A P>(A). Then, this theorem is
proved. Il

4.3. Tensor polynomial eigenvalue problem

In this section, we now consider the tensor polynomial eigenvalue problem, given in
Definition 2.5, with [ > 3. Suppose all tensors in P;(A) are symmetric or mode-symmetric
and A; is nonsingular.

Choosing u = 2V m=D e can transform, for the nonzero x € C", P(A)xm’] =0to
the formula given as follows.

AAYI T+ Ay A =0,
Yi-1 = nyi-2,

Meanwhile, we have y, = ufx with k € [[ — 1].

Hence a solution (A x) of P(M)x™~! = 0 also solves the generalized eigenvalue
problem Ax = (- B)A’" ! whereX = (yl T yl ,x )", and all nonzero elements
of A and B are given as follows, respectively,

B(l:n,l:n,...,l:n):Az,
Bni+1:G+Dnni+1:G+Dn,...oni+1:G(+Dn)=-1, i=1,...,1—1,
AQ:nni+1:G+Dn, ... oni+1:G+Dn)=A_1_i, i=0,1,...,01—1,
AnG+D+1:nG+2),ni+1:G+Dn, ... ni+1

@+ bn)=17Z,i=0,1,...,1 -1

Since A; is nonsingular and Bis symmetric, then, according to [17, Theorem 4.2],

we obtain that Det(@) = Det(Al)(’”’l)“_l)" # 0, hence, the number of tensor quadratic
eigenvalue is [n(m — 1)"~! and all polynomial eigenvalue are finite.

TueorREM 4.7  Suppose that all tensors in P(A) and AP ()) are mode-symmetric. If X is
an algebraic simple eigenvalue of P(L). Then, there exists an algebraic simple generalized
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eigenvalue x of P(\) + AP(X) such that
r=x+00),

where |€| < €y with €y > 0.

Proof According to the above argument if (A, x) is a polynomial eigenpair of (%), then,
there exists a vectorX = (yl ERESE y 1 T)—r and two tensors A and B where Bis singular
and mode-symmetric, such that Axm=1 = = AM— B)Am . When (1, x) is also an algebraic
simple polynomial eigenpair, then (1, X) is an algebraic simple generalized eigenpair of the
tensor pair (,I —g).

According to Theorem 4.1, for_the pair (,zl; —B), there exists an algebraic simple
generalized eigenvalue_ x of (g + eﬁ, —(g + eg)) such that » = A + O (€). Meanwhile,
for these two tensors .Zl\ and Z{ there exist [ + 1 tensors AA; (i = 0,1, ...,[) such that

A is the algebraic simple polynomial eigenvalue of P;(1) + A P;(X). Then, this theorem is

over. O

Furthermore, for the tensor polynomial eigenvalue problem, the perturbations of an
algebraic simple polynomial eigenvalue have some more precise results, generalized by
Theorems 4.2 and 4.3.

TueoreM 4.8 If A # 0 is an algebraic simple polynomial H-eigenvalue of P;(}), asso-
ciated polynomial eigenvector X € R”™. Then, when P/ (M)X™ # 0, there exists an algebraic
simple polynomial H-eigenvalue x of PI(A) + AP, (A) such that

~ 1 i
Foa (Xioia) X
<

<e + 0(e?),
|A] X P/ (x|

where | AA; | F < eaiwith0 < € < 1and P/()) = INT'A + (I — DA 2 A +- -+ A

Proof Since A # 0 is an algebraic simple polynomial H-eigenvalue of P;(}), with
corresponding eigenvector X, then a normwise condition number of A can be defined as
follows.

AV
k(A) := lim sup {u (P4 AL) + AP+ AV + AX)" ! =0,
e—0 €|)‘|
[AAillF < GOli}.

Next, we prove that, if P/ (M)x™ #£ 0, the following formula holds,

(oo Ixlie ) I

A) =
sk AP} (x|
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The given expression is clearly an upper bound for « (1). We now show that the bound is
attained. From the definition of a normwise condition number of A, we have

(Zioowad)x
/X"

Al = + 0(?). 4.2)

Let G = (xoxo---oXx)/[x[|". Then ||GlF = 1 and Gx" = [x||". Let AA; =
—

—sign(A)ea; G. Tlnfen IAA;|F < ea; and the modulus of the first-order term of (4.2)
is (Zf‘:() |A|iai> x| /|1 P/ (1)x™]; dividing (4.2) by €| | and taking The limit as € — 0
then gives the desired equality.

From the definition of « (A) we have, for the perturbation system in (4.2),

IAM e + 02
W_K()E‘l‘ (6)

Hence, the proof is over. O
THeEorREM 4.9 If A # 0 is an algebraic simple polynomial H-eigenvalue of P;(}), asso-

ciated eigenvector X € R". Then, when P/(\)X™ # 0, there exists an algebraic simple
polynomial H-eigenvalue A of P;(A) + A P;()\) such that

B (Theolre)
<e€

0(e?),
S AR T

where |AA;| < €& with0 < € < Land P/(A\) = M7 A + (L — DAT2 A + -+ Ay

Proof Since A # 0 is an algebraic simple polynomial H-eigenvalue of P;(}), with
corresponding eigenvector X, then a componentwise condition number for an algebraic
simple generalized eigenvalue A analogous to the normwise condition number is defined by

. |A)\| m—1
cond(}) :=limsup{ — : (P(A + AL (X + AX)

e—0 €A
FAPG 4 AR X+ A" =0, A4 < eg,-] .

From this defintion it follows that,

[AA )
W < cond(A)e + O(e?).

In the following, we derive the expression of cond(1). According to the definition of a
componentwise condition number for an algebraic simple eigenvalue A, when P/ (1)x™ # 0,

we have
(Xogare) xim

cond(A) > ;
A

Next, we show that the expression for the cond(}) attained when we choose AA; =
—sign(M)e& x1 D xp D--- X, D, where D = diag(sign(x)). Hence, the proof
is over. O
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Figure 2. Verification of Corollary 3.1 when |£] < ¢ A with ¢ = linspace(0.001, 0.1, 50). The blue
stars represent the values of §+ (§—) in each part of this figure (left axis), and the red circles represent
the values of ¢ in each part of this figure (right axis).

Remark 4.2 'When the pair (X, X) is not an algebraic simple polynomial H-eigenpair in
above two theorems, these two theorems also hold.

5. Numerical examples

The computation of all examples is based on Matlab 2013b and the Matlab Tensor Toolbox
[33]. Without loss of generality, we assume that m = 4 and n = 10, for first two examples in
this section and for the third example, let (n) = {10, 12, 14, 16}. We show ill-condition ten-
sors for computing Z-eigenvalue or singular value via three random
numerical examples.

Example 5.1 Let A € MST,, , be a random nonnegative irreducible tensor with the Z-
spectral radius o. The perturbation tensor £ satisfies |£] < €A, with 0 < ¢ < 1. Denote
0+ (0-) by the Z-spectral radius of A4& (A—E) (noting that o, 0+, and 0 are computed by
the NQZ method [34]). In order to verify Corollary 3.1, we compare ¢ and 2:=¢l (lg’;m)
denoted by 8+ (§—), under two kinds of perturbation tensors: £ = rand(1)e. A and £ = ¢ A.
Let ¢ = linspace(a, b, 50) with 0 < @ < b < 1. For these two kinds of perturbation
tensors described above, the comparative results are given in Figures 2 and 3, respectively.

Example 5.2 Suppose that C € M ST, , is a random nonnegative irreducible tensor with
the spectral radius Amax and B is a diagonal tensor, where its diagonal entries are equal to
Amax + 10. Let A = C where all its diagonal elements are zero. The perturbation tensor
pair (€, F) satisfies || < €A and |F| < €B, with 0 < € < 1. Denote A, ’):Jr and (X,) by
the Perron roots of the tensor pair (A, B), (A+ &, B+ F) and (A — £, B — F) (noting
that o, 0 and 6_ are computed by the NQZ method [34]). In order to verify Corollary 4.1,
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2¢

we compare =, and %;M (M*A—_M) denoted by 6+ (6—), under two kinds of perturbation
tensor pairs: (€, F) = rand(1)e(A, B) and (€, F) = €(A, B).

Let € = linspace(a, b, 50) with 0 < a < b < 1. For these two kinds of perturba-
tion tensor pairs described above, the comparative results are given in Figures 4 and 5,
respectively.
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Figure 6. Verification of Corollary 3.3 when |£| < A with ¢ = linspace(0.001, 0.1, 50). The blue
stars represent the values of § (§—) in each part of this figure (left axis), and the red circles represent
the values of ¢ in each part of this figure (right axis).

Example 5.3 Let A € T,, ¢,y be a random nonnegative irreducible tensor with the largest
singular value o. The perturbation tensor £ satisfies || < A, with 0 < ¢ < 1. Denote
4 (0_) by the Z-spectral radius of A+& (A—E) (Noting that o', 5, and 5_ are comﬁ)uted by
the NQZ method [34]). In order to verify Corollary 3.3, we compare & and ‘m’ ol ‘_U‘
denoted by 81 (8_), under two kinds of perturbation tensors: £ = rand(1 )e.A and 8 = e.A.
Let ¢ = linspace(a, b, 50) with 0 < a < b < 1. For these two kinds of perturbation
tensors described above, the comparative results are given in Figures 6 and 7, respectively.
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Figure 7. Verification of Corollary 3.3 when |£| = ¢.A with ¢ = linspace(0.001, 0.1, 50). The blue
stars represent the values of § (§—) in each part of this figure (left axis), and the red circles represent
the values of ¢ in each part of this figure (right axis).

6. Conclusion

In this paper, for a mode-symmetric tensor, the perturbation of an algebraic simple eigen-
value and E-eigenvalue are considered. Based on symmetric or mode-symmetric embed-
ding, for a given tensor A € T}, (), we obtain perturbation bounds about a singular value
of A. Furthermore, we define the tensor polynomial eigenvalue problem and derive pertur-
bation bounds about an algebraic simple polynomial eigenvalue. In particular, we focus on
the tensor generalized eigenvalue problem and tensor quadratic eigenvalue problem.

Acknowledgements

The authors are grateful to Prof. Meng Chen of Fudan University for fruitful discussions on results
about algebraic functions. We would like to thank the editor Ren-cang Li and the referee for their
detailed comments on our manuscript.

Funding

Maolin Che and Yimin Wei were supported by the National Natural Science Foundation of China under
[grant number 11271084]; Liqun Qi was supported by the Hong Kong Research Grant Council [grant
number PolyU 502510], [grant number 502111], [grant number 501212], [grant number 501913].

Disclosure statement

No potential conflict of interest was reported by the authors.

References

[1] Qi L. Eigenvalues of a real supersymmetric tensor. J Symbolic Comput. 2005;40:1302—-1324.
doi:10.1016/j.jsc.2005.05.007.


http://dx.doi.org/10.1016/j.jsc.2005.05.007

Downloaded by [Fudan University] at 15:44 14 August 2015

30 M. Che et al.

[2] Lim L. Singular values and eigenvalues of tensors: a variational approach. In: IEEE CAMSAP
2005: First International Workshop on Computational Advances in Multi-Sensor Adaptive
Processing. IEEE; 2005. p. 129-132.

[3] Golub GH, Van Loan CF. Matrix computations. 4th ed. Baltimore (MD): Johns Hopkins Studies
in the Mathematical Sciences, Johns Hopkins University Press; 2013.

[4] Chang KC, Pearson K, Zhang T. Perron—Frobenius theorem for nonnegative tensors. Commun.
Math. Sci. 2008;6:507-520. http://projecteuclid.org/euclid.cms/1214949934.

[5] Chang KC, Pearson K, Zhang T. On eigenvalue problems of real symmetric tensors. J. Math.
Anal. Appl. 2009;350:416-422. doi:10.1016/j.jmaa.2008.09.067.

[6] Kolda TG, Mayo JR. An adaptive shifted power method for computing generalized tensor
eigenpairs. SIAM J. Matrix Anal. Appl. 2014;35:1563-1581. doi:10.1137/140951758.

[7] Cui CF, Dai YH, Nie J. All real eigenvalues of symmetric tensors. SIAM J. Matrix Anal. Appl.
2014;35:1582-1601.

[8] Qi L, Wang Y, Wu EX. D-eigenvalues of diffusion kurtosis tensors. J. Comput. Appl. Math.
2008;221:150-157. doi:10.1016/j.cam.2007.10.012.

[9] Ding W, Wei Y. Generalized tensor eigenvalue problems. SIAM J. Matrix Anal. Appl. 2015;
36:1073-1099.

[10] Li W, Ng MK. The perturbation bound for the spectral radius of a nonnegative tensor. Adv.
Numer. Anal. 2014:10 p. Article ID 109525. doi:10.1155/2014/109525.

[11] Li W, Ng MK. Some bounds for the spectral radius of nonnegative tensors. Numer. Math.
2015;130:315-335.

[12] Cichocki A, Zdunek R, Phan AH, Amari Si. Nonnegative matrix and tensor factorizations:
applications to exploratory multi-way data analysis and blind source separation. New York
(NY): John Wiley & Sons; 2009.

[13] Kolda TG, Bader BW. Tensor decompositions and applications. SIAM Rev. 2009;51:455-500.
doi:10.1137/07070111X.

[14] De Lathauwer L, De Moor B, Vandewalle J. A multilinear singular value decomposition. SIAM
J. Matrix Anal. Appl. 2000;21:1253-1278. doi:10.1137/S0895479896305696.

[15] Berman A, Plemmons RJ. Nonnegative matrices in the mathematical sciences. Vol. 9, Classics in
applied mathematics. Philadelphia (PA): Society for Industrial and Applied Mathematics; 1994.
doi:10.1137/1.9781611971262.

[16] Chang KC, Qi L, Zhang T. A survey on the spectral theory of nonnegative tensors. Numer. Linear
Algebra Appl. 2013;20:891-912. doi:10.1002/nla.1902.

[17] Hu S, Huang ZH, Ling C, Qi L. On determinants and eigenvalue theory of tensors. J. Symbolic
Comput. 2013;50:508-531.

[18] Ding W, Qi L, Wei Y. M-tensors and nonsingular M-tensors. Linear Algebra Appl.
2013;439:3264-3278.

[19] Zhang T. Existence of real eigenvalues of real tensors. Nonlinear Anal. 2011;74:2862-2868.
doi:10.1016/j.na.2011.01.008.

[20] Wilkinson JH. The algebraic eigenvalue problem. New York (NY): Oxford University Press;
1965.

[21] Demmel JW. Applied numerical linear algebra. Philadelphia (PA): Society for Industrial and
Applied Mathematics (STAM); 1997. doi:10.1137/1.9781611971446.

[22] Stewart GW, Sun JG. Matrix perturbation theory. Boston (MA): Computer Science and Scientific
Computing, Academic Press Inc; 1990.

[23] Ragnarsson S, Van Loan CF. Block tensors and symmetric embeddings. Linear Algebra Appl.
2013;438:853-874. doi:10.1016/j.1aa.2011.04.014.

[24] Chen Z, Lu L. A tensor singular values and its symmetric embedding eigenvalues. J. Comput.
Appl. Math. 2013;250:217-228. doi:10.1016/j.cam.2013.03.014.

[25] Cartwright D, Sturmfels B. The number of eigenvalues of a tensor. Linear Algebra Appl.
2013;438:942-952. doi:10.1016/j.1aa.2011.05.040.


http://projecteuclid.org/euclid.cms/1214949934
http://dx.doi.org/10.1016/j.jmaa.2008.09.067
http://dx.doi.org/10.1137/140951758
http://dx.doi.org/10.1016/j.cam.2007.10.012
http://dx.doi.org/10.1155/2014/109525
http://dx.doi.org/10.1137/07070111X
http://dx.doi.org/10.1137/S0895479896305696
http://dx.doi.org/10.1137/1.9781611971262
http://dx.doi.org/10.1002/nla.1902
http://dx.doi.org/10.1016/j.na.2011.01.008
http://dx.doi.org/10.1137/1.9781611971446
http://dx.doi.org/10.1016/j.laa.2011.04.014
http://dx.doi.org/10.1016/j.cam.2013.03.014
http://dx.doi.org/10.1016/j.laa.2011.05.040

Downloaded by [Fudan University] at 15:44 14 August 2015

Linear and Multilinear Algebra 31

[26] Kolda TG, Mayo JR. Shifted power method for computing tensor eigenpairs. SIAM J. Matrix
Anal. Appl. 2011;32:1095-1124. doi:10.1137/100801482.

[27] Ahlfors LV. Complex analysis: an introduction of the theory of analytic functions of one complex
variable. 2nd ed. New York (NY): McGraw-Hill Book Co.; 1966.

[28] Chevalley C. Introduction to the theory of algebraic functions of one variable. No. VI.
Mathematical surveys. New York (NY): American Mathematical Society; 1951.

[29] Gohberg I, Koltracht I. Mixed, componentwise, and structured condition numbers. SIAM J.
Matrix Anal. Appl. 1993;14:688-704. doi:10.1137/0614049.

[30] Yang Y, Yang Q. Further results for Perron—Frobenius theorem for nonnegative tensors. SIAM
J. Matrix Anal. Appl. 2010;31:2517-2530.

[31] Elsner L, Koltracht I, Neumann M, Xiao D. On accurate computations of the Perron root. SIAM
J. Matrix Anal. Appl. 1993;14:456-467. doi:10.1137/0614032.

[32] Zhang T, Golub GH. Rank-one approximation to high order tensors. SIAM J. Matrix Anal. Appl.
2001;23:534-550.

[33] Bader BW, Kolda TG. Matlab Tensor Toolbox Version 2.5. 2012 Jan. Available from: http://
www.sandia.gov/tgkolda/TensorToolbox/.

[34] Ng M, Qi L, Zhou G. Finding the largest eigenvalue of a nonnegative tensor. SIAM J. Matrix
Anal. Appl. 2009;31:1090-1099. doi:10.1137/09074838X.


http://dx.doi.org/10.1137/100801482
http://dx.doi.org/10.1137/0614049
http://dx.doi.org/10.1137/0614032
http://www.sandia.gov/ tgkolda/TensorToolbox/
http://www.sandia.gov/ tgkolda/TensorToolbox/
http://dx.doi.org/10.1137/09074838X

	Abstract
	1. Introductions
	2. Preliminaries
	2.1. Definitions
	2.2. Some remarks
	2.3. Symmetric and mode-symmetric embeddings

	3. Perturbation bounds of Z-eigenvalue and singular value
	3.1. Properties of eigenvalue and Z-eigenvalue
	3.2. Algebraic simple Z-eigenvalue
	3.3. Algebraic simple eigenvalue
	3.4. Singular value

	4. Perturbation for the case of Pl(λ)
	4.1. Tensor generalized eigenvalue problem
	4.2. Tensor quadratic eigenvalue problem
	4.3. Tensor polynomial eigenvalue problem

	5. Numerical examples
	6. Conclusion
	Acknowledgements
	Funding
	Disclosure statement
	References



