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Abstract Recently, contour integral-based methods have been actively studied for
solving interior eigenvalue problems that find all eigenvalues located in a certain region
and their corresponding eigenvectors. In this paper, we reconsider the algorithms of
the five typical contour integral-based eigensolvers from the viewpoint of projection
methods, and then map the relationships among these methods. From the analysis, we
conclude that all contour integral-based eigensolvers can be regarded as projection
methods and can be categorized based on their subspace used, the type of projection
and the problem to which they are applied implicitly.
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1 Introduction

In this paper, we consider computing all eigenvalues located in a certain region of a
generalized eigenvalue problem and their corresponding eigenvectors:

Ax; = AiBx;, x; e C"\ {0}, A €2 cC, (D

where A, B € C"*" and z B — A are assumed as nonsingular for any z on the boundary
I" of the region §2. Let m be the number of target eigenvalues A; € §2 (counting
multiplicity) and X = [x;|A; € $2] be a matrix whose columns are the target
eigenvectors.

In 2003, Sakurai and Sugiura proposed a powerful algorithm for solving the inte-
rior eigenvalue problem (1) [19]. Their projection-type method uses certain complex
moment matrices constructed by a contour integral. The basic concept is to introduce
the rational function

r(z) :=9"(zB—A)"'Bv, v,5eC"\{0}, 2
whose poles are the eigenvalues of the generalized eigenvalue problem: Ax; = A; Bx;,
and then compute all poles located in §2 by Kravanja’s algorithm [16], which is based
on Cauchy’s integral formula.

Kravanja’s algorithm can be expressed as follows. Let I" be a positively oriented
Jordan curve, i.e., the boundary of £2. We define complex moments 1y as

1
Mk;:—_%zkr(z)dz, k=0,1,...,2M — 1.
271 Jp

Then, all poles located in §2 of a meromorphic function r(z) are the eigenvalues of
the generalized eigenvalue problem

Hyy; =0;Hyy;, 3)

where Hy, Hy; are Hankel matrices:

10 K1 M-l K1 M2 M

o K2 M w2 13 UMl
Hy =1 . ) L . Hy=1. . )

KM—-1 KM - H2M—2 UM M+l R2M—1

Applying Kravanja’s algorithm to the rational function (2), the generalized eigenvalue
problem (1) reduces to the generalized eigenvalue problem with the Hankel matrices
(3). This algorithm is called the SS—Hankel method.
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A relationship among contour integral-based eigensolvers 723

The SS-Hankel method has since been developed by several researchers. The
SS—-RR method based on the Rayleigh—Ritz procedure increases the accuracy of the
eigenpairs [20]. Block variants of the SS—Hankel and SS—RR methods (known as the
block SS—Hankel and the block SS—RR methods, respectively) improve stability of
the algorithms [10—12]. The block SS—Arnoldi method based on the block Arnoldi
method has also been proposed [13]. Different from these methods, Polizzi proposed
the FEAST eigensolver for Hermitian generalized eigenvalue problems, which is based
on an accelerated subspace iteration with the Rayleigh—Ritz procedure [17]. Their
original 2009 version has been further developed [9,23,24].

Meanwhile, the contour integral-based methods have been extended to nonlinear
eigenvalue problems. Nonlinear eigensolvers are based on the block SS—Hankel [1,2]
and the block SS-RR [25] methods and a different type of contour integral-based
nonlinear eigensolver was proposed by Beyn [6], which we call the Beyn method.
More recently, an improvement of the Beyn method was proposed based on using the
canonical polyadic decomposition [5].

For Hermitian case, i.e., A is a Hermitian and B is a Hermitian positive definite, there
are several related works based on Chebyshev polynomial filtering [7,26] and based on
rational interpolation [4]. Specifically, Austin et al. analyzed that the contour integral-
based eigensolvers have strong relationship with rational interpolation established in
[31], and proposed a projection type method only with real poles [4].

In this paper, we reconsider the algorithms of typical contour integral-based eigen-
solvers of (1), namely, the block SS—Hankel method [10, 11], the block SS-RR method
[12], the FEAST eigensolver [17], the block SS—Arnoldi method [13] and the Beyn
method [6] as projection methods. We then analyze and map the relationships among
these methods. From the map of the relationships, we also provide error analyses of
each method. Here, we note that our analyses cover the case of Jordan blocks of the
size larger than one and infinite eigenvalues (or even both).

The remainder of this paper is organized as follows. Sections 2 and 3 briefly describe
the algorithms of the contour integral-based eigensolvers and analyze the properties
of their typical matrices, respectively. The relationships among these methods are
analyzed and mapped in Sect. 4. Error analyses of the methods are presented in Sect. 5,
and numerical experiments are conducted in Sect. 6. The paper concludes with Sect. 7.

Throughout, the following notations are used. Let V = [vy, v, ..., v.] € C"*L
and define the range space of the matrix V by R(V) := span{v{, v2,...,vr}. In
addition, for A € C"*", ICkD(A, V) and BE(A, V) are the block Krylov subspaces:

KP(A, V) :=R(IV, AV, A%V, ..., A*"1V)),

k—1
BP(A, V) = ’ZA" Va,-}a,- € (CLxL] :
i=0

We also define a block diagonal matrix with block elements D; € C"*" constructed
as follows:
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724 A. Imakura et al.

D,
d D2
@Di:Dl@D2®"'@Da’= ) ecnxn,

Dy

where n = Z?:l n;.

2 Contour integral-based eigensolvers

The contour integral-based eigensolvers reduce the target eigenvalue problem (1) to a
different type of small eigenvalue problem. In this section, we first describe the reduced
eigenvalue problems and then introduce the algorithms of the contour integral-based
eigensolvers.

2.1 Theoretical preparation

As a generalization of the Jordan canonical form to the matrix pencil, we have the
following theorem.

Theorem 1 (Weierstrass canonical form) Let zB — A be regular. Then, there exist
nonsingular matrices pPH Q such that

r d
PRzB— A0 =D (2l — Jn, () & D (240, (0) — 1) .
i=1 i=r+1

where Jy, (A;) is the Jordan block with A;,

Ao 1
Iy =| % e Crm,
1
A
and zJ,;(0) — I, is the Jordan block with ). = oo
-1 z
-1 B ni Xn;
2y, (0) = I, = e Chixni,
S
-1
The generalized eigenvalue problem Ax; = A;Bx; has r finite eigenvalues
Xi,i = 1,2,...,r with multiplicity n; and d — r infinite e1genvalues Ai,i =

r+1,r+2,.. d with multiplicity n;. Let P and Q; be submatrices of P and 0,
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A relationship among contour integral-based eigensolvers 725

respectively, corresponding to the i-th Jordan block, i.e., P = [ﬁl, ﬁz, el ﬁd], 0=
[O1, Q2, ..., Qq]. Then, the columns of P: and Q; are the left/right generalized
eigenvectors, whose 1st columns are the corresponding left/right eigenvectors.

Let L, M € N be input parameters and V € C"*% be an input matrix. We also
define S € C**IM and S, € C**L as follows:

1
S :=1[8,S1,..-,Su-1], Sk = — ?{ @B - A~ 'BVdz. ()
2mi S

From Theorem 1, we have the following theorem [10,11, Theorem 4].

Theorem 2 Let QH = 0! and é[ be a submatrix of é corresponding to the i-th

Jordan block, i.e., Q = [él, @2, e, éd]. Then, we have
Sk=00J508V =(00Je09)" (0e03V) =C5S. Co=0aela0}.
where

Qo =10ilhi € 2], Qo =10ilk €], Jo=ED Jn0u).

A ESR
Using Theorem 2, we also have the following theorem.
Theorem 3 Let m be the number of target eigenvalues (counting multiplicity) and

X@ = [xi|A; € 2] be a matrix whose columns are the target eigenvectors. Then, we
have

R(X2) CR(Qe) =R(S),
if and only if rank(S) = m.
Proof From Theorem 2 and the definition of S, we have

S =1[S0,S1,....,5u-11=0eZ
where
7= [(Q?ZV), Jo (01 V), ...,J};*‘(QgV)].

Since Qg is full rank, rank(S) = rank(Z) and R(Qgn) = R(S) is satisfied if and
only if rank(S) = rank(Z) = m. From the definitions of X and Qg, we have
R(X@e) C R(Qg). Therefore, Theorem 3 is proven.

Here, we note that rank(Z) = m is not always satisfied for m < LM even if Qg %
is full rank [8]. O
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2.2 Introduction to contour integral-based eigensolvers

The contour integral-based eigensolvers are mathematically designed based on Theo-
rems 2 and 3, then the algorithms are derived from approximating the contour integral
(4) using some numerical integration rule:

N
S:=1[80.51.....5u1]. St:=> wjz;B—A)T'BY, ()
j=1
where z; is a quadrature point and w; is its corresponding weight.

2.2.1 The block SS—Hankel method

The block SS—Hankel method [10,11] is a block variant of the SS—Hankel method.
Define the block complex moments uf’ € CL*L by

1 _ ~
pel = — ¢ VB — A)"'BVdz = VU,
2mi S

where V € C"*L and the block Hankel matrices Hyy, H € CLMXLM are given by

MOD M]D e MAD4_1 pH R
J U J h &] ﬁ
o | # Ky ot By O<._ | #2 3 K41
Ay = : : S - Hym = : : :
‘o o O O 0 0
Kpy—1 Ky o Moy—2 By Fyvr 0 Ham—

We then obtain the following theorem [10, 11, Theorem 7].

Theorem 4 [f rank(S) = m, then the nonsingular part of the matrix pencil zH E —
HE< is equivalent to zI — Jg.

According to Theorem 4, the target eigenpairs (A;, X;), A; € §2 can be obtained
through the generalized eigenvalue problem

H<y;, = 6,Hy,. 6)

In practice, we approximate the block complex moments ,u,Lj € CL*L by the numerical
integral (5) such that

N
ﬁkD = Za)jz]]‘VH(sz — A 'y = vHg,,
j=1

and set the block Hankel matrices H E, H E< € CLMXLM u5 follows:
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A relationship among contour integral-based eigensolvers 727

Algorithm 1 The block SS-Hankel method
Input: L, M,N €N, V,V e C"E, (zj, w)) forj=1,2,....N
Output: Approximate eigenpairs (A;, X;) fori =1,2,...,m
1: Compute Sy = ij:1 wjz’;.(sz —A)~ !BV and IIE = vHg,
2: Set S = [TS‘}), §1 ..... .’S\M,l] and block Hankel matrices I/J}E) ﬁ5< by (7)
3: Compute SVD of ﬁﬂl;l’: ﬁA‘;I’ = [Un1, Uml[Zu1, O; O, SpallWay, Wi l?
4: Compute eigenpairs (6;, £;) of UII:Ill ﬁﬁl;lk WI]:III Eﬁllt,- = 6;t;,
and compute (Xi, X;) = (6, §WH12§]1t,') fori=1,2,...,m

Ay A - Ay, ap ﬁg S
~ ~ PN ~ ~ ~
~0. 125 Ky Ky ~O< ) Har41
HM =1 . . . s HM = : .
-0 -0 Ny -0 -0 Ny
Mpy—1 My 0 Moy Ky Hyer 0 Hoap—t

)

To reduce the computational costs and improve the numerical stability, we also intro-
duce a low-rank approximation with a numerical rank m of H E based on singular
value decomposition:

o Zmi O Wi
HY = [Un. Unol [OHI 21—12] [W}ﬁl} ~ Uni D Wiy, -
H2

In this way, the target eigenvalue problem (1) reduces to an i dimensional standard
eigenvalue problem, i.e.,

UL W =5 e = 6.

The approximate eigenpairs are obtained as (X,», X)) = (6;, §WH 12y llti). The algo-
rithm of the block SS—Hankel method is shown in Algorithm 1.

2.2.2 The block SS—RR method

Theorem 3 indicates that the target eigenpairs can be computed by the Rayleigh—Ritz
procedure over the subspace R(S), i.e.,

SHASt; =0,SHBSt;.

The above forms the basis of the block SS-RR method [12]. In practice, the
Rayleigh—Ritz procedure uses the approximated subspace R(S) ~ R(S) and a low-
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728 A. Imakura et al.

Algorithm 2 The block SS-RR method
Input: L, M, N € N,V € C"™*L, (zj, wj) for j = 1,2,..., N
Output: Approximate eigenpairs (%;, X;) fori =1,2,...,m
1: Compute Sy = Z?’Zl wjzlj‘-(z]-B —A)7'BV, andset § = [So, S1, - Sp—1]
2: Compute SVD of S: § = [Uy, Us1[E}, O; 0, S,1[W;, WalH
3: Compute eigenpairs (6;, ¢;) of U}{AUlt,- =6; UfIBUlt,-,
and compute (X,;fv',-) =(;,Ut;))fori=1,2,....,m

Algorithm 3 The accelerated subspace iteration with the Rayleigh—Ritz procedure

Input: L € N, Vg € C"*L _

Output: Approximate eigenpairs (A;, X;) fori = 1,2,..., L

1: For k = 1,2, ..., until convergence Do:

2:  Approximate subspace projection: Qy = p(A, B) - Vi—1

3:  Compute eigenpairs (Qi(k), tl(k)) of QkHA Orti =6; Q{IB Oti,
and compute (X(k) fl(.k)) = (Gi(k), thfk)) fori=1,2,...,L

i )
4 Setvp = [®0 070

5: End For

rank approximation of S

= > o ][wH
S:[Ul,U2]|:01 Z‘J[WIH]%UlElWlH'
2

In this case, the reduced problem is given by
uflaut; = o,u'BU ;.

The approximate eigenpairs are obtained as (X,‘, X;) = (6;, Uyt;). The algorithm of
the block SS—RR method is shown in Algorithm 2.

2.2.3 The FEAST eigensolver

The algorithm of the accelerated subspace iteration with the Rayleigh—Ritz procedure
for solving Hermitian generalized eigenvalue problems is given in Algorithm 3. Here,
p(A, B) is called an accelerator. When p(A, B) = B~'A, Algorithm 3 becomes
the standard subspace iteration with the Rayleigh—Ritz procedure. It computes the L
largest-magnitude eigenvalues and their corresponding eigenvectors.

The FEAST eigensolver [17], proposed for Hermitian generalized eigenvalue prob-
lems, is based on an accelerated subspace iteration with the Rayleigh—Ritz procedure.
In the FEAST eigensolver, the accelerator p(A, B) is set as

N
1
A,B=§ (ziB—A)'Bx~ — B — A)"'Bdz,
p( ) w;j(z] ) 2m7§r(z ) b4

j=1
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A relationship among contour integral-based eigensolvers 729

Algorithm 4 The FEAST eigensolver

Input: L, N € N, VOE(C"XL,(Zj,wj)forj=1,2 ..... N
Output: Approximate eigenpairs (X,-, Xj)fori =1,2,..., L
1: Fork=1,2,..., until convergence Do:

k
2 Compute§< V=N 0B — A BV

3:  Compute eigenpairs (Hi(k), tfk)) f:S‘\(k)HA:S‘\(k)t, = Gi%k)HBg(()k)ti,
and compute (X(k) ~(k)) = (Gi(k), .’S'\ék)tfk)) fori =1,2,...,L

4 Setv =7 % ~("> ,,,,, 0y

5: End For

based on Theorem 3. Therefore, the FEAST eigensolver computes the eigenvalues
located in £2 and their corresponding eigenvectors. For numerical integration, the
FEAST eigensolver uses the Gau—Legendre quadrature or the Zolotarev quadrature;
see [9,17].

In each iteration of the FEAST eigensolver, the target eigenvalue problem (1) is
reduced to a small eigenvalue problem, i.e.,

§6{A§0ti = 9i§(l){B§0ti,

based on the Rayleigh-Ritz procedure. The approximate eigenpairs are obtained as
(A,,x,) = (6;, Sot ). The algorithm of the FEAST eigensolver is shown in Algo-
rithm 4.

2.2.4 The block SS—Arnoldi method

From Theorems 2 and 3 and the definitionof C; := Qo Jo ég , we have the following
three theorems [13].

Theorem 5 The subspace R(S) can be expressed as the block Krylov subspace asso-
ciated with the matrix Cg:

R(S) = K5 (Ca, So).

Theorem 6 Letm be the number of target eigenvalues (counting multiplicity). Then, if
rank (S) = m, the target eigenvalue problem (1) is equivalent to a standard eigenvalue
problem of the form

Coxi =hix;, x; € R(S)=K(Cq, So). (8)

Theorem 7 Any Ej. € BE(C @, S0) has the following formula:

Ep 27“]{2‘2(23 A 'BVa;dz, o € CEXL,
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730 A. Imakura et al.

Algorithm 5 The block SS—Arnoldi method

Input: L, M, N € N,V € C"™*L, (zj, wj) for j = 1,2,..., N
Output: Approximate eigenpairs (Xi, xj)fori=1,2,...,LM
I: Solve Yj = (z;B— A)" !BV forj=12....N

2 Wo =3 0¥,

3: Compute QR decomposition of Wy: Wy = Wi R

4: Setalﬂj =R! forj=1,2,...,N
5:Fork=1,2,..., M Do:
6
7
8

&k,j =zjog jforj=1,2,...,N

Wik _ijleyjak,j
Fori=1,2,..., k Do:

9: Hii = WiHWk

10: o, j =0 j—o; jHipforj=12...,N

11: WkZVT/k—WiH,"k

12:  End For

13:  Compute QR decomposition of Wk: VT/k = Wig1Hir1 k
14 ey =@ jH ) g forj=1,2,....N

15: End For

16: Set W = [W, Wh, ..., Wyland Hy = {Hi.,j}lfi,jSM
17: Compute eigenpairs (6;, ¢;) of Hyt; = 6;¢;,
and compute (A;, X;) = (0;, Wt;) fori =1,2,..., LM

Then, the matrix multiplication of Co by Ey becomes
1 k—1
_ i -l ]
CoEx = 2Ni}z{rz§;z (zB — A)"'BVadz.

From Theorems 5 and 6, we observe that the target eigenpairs (A;, x;), A; € §£2 can be
computed by the block Arnoldi method with the block Krylov subspace ICAE,}(C 2, 50)
for solving the standard eigenvalue problem (8). Here, we note that the matrix Cy; is
not explicitly constructed. Instead, the matrix multiplication of Cg, can be computed
via the contour integral using Theorem 7. By approximating the contour integral by a
numerical integration rule, the algorithm of the block SS—Arnoldi method is derived
(Algorithm 5).

A low-rank approximation technique to reduce the computational costs and improve
stability is not applied in the current version of the block SS—Arnoldi method [13].
Improvements of the block SS—Arnoldi method has been developed in [14].

2.2.5 The Beyn method

The Beyn method is a nonlinear eigensolver based on the contour integral [6]. In this
subsection, we consider the algorithm of the Beyn method for solving the generalized
eigenvalue problem (1).

Let the singular value decomposition of Sy be Sop = UyXy Wé{, where Uy €
Ccrm 3y = diag(oy, 02, ...,0m), Wo € CL*™ and rank(Sp) = m. Then, from
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A relationship among contour integral-based eigensolvers 731

Algorithm 6 The Beyn method

Input: L, N € N,V € C"*L, (zj, wj) for j =1,2,.
Output: Approx1mate eigenpairs (A X;) forz =1, 2 ..... n’i
1: Compute Sp, S}, WhereSk_ZjV 19j2; (z/B A~ 1BV
2: Compute SVD OfSo S() = [UO,I UO,Z][EO,I 0; 0, Xp21[Wo,1. W(),z]H
3: Compute eigenpairs (0;, t;) of U(I)flgl Wo.1 E&ﬁi = 0;t;,

and compute (0, ¥;) = (6;, Up,1t;) fori = 1L,2,..../

Theorem 2, we have
So=Qe0RV =UZWf', $1=00J00%V. 9)
Since R(Q o) = R(Uyp), we obtain
Qo =UoZ, Z=UQqeC™m, (10

where Z is nonsmgular With (9) and (10), we find UyZ Q _QV Up Xy W0 and thus
QH V=215 W0 This leads to

Utts) = ziq 08 v = zigz ' 5y W
Therefore, we have
ZJoz7 ' = Uullsiwozy !
This means that the target eigenpairs (A;, X;), A; € §2 are computed by solving
USSIWoZy 't = 6;t;,
where (A;, x;) = (6;, Uot;) [6].

In practice, we compute a low-rank approximation of §0 by the singular value
decomposition, i.e.,

—~ X 0] W,
So=[U0,1,Uo,2][OO’1 202} [W(x)-il] ~ Up.1 Zoa Wy (11)
: 0.2

which reduces the target eigenvalue problem (1) to the standard eigenvalue problem
Ug SiWo, 1 Zg 1t = 6it;. (12)

The approximate eigenpairs are obtained as (X,', X;) = (i, Up,1t;). The algorithm
of the Beyn method for solving the generalized eigenvalue problem (1) is shown in
Algorithm 6.
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732 A. Imakura et al.

3 Theoretical preliminaries for map building

As shown in Sect. 2, contour integral-based eigensolvers are based on the property of
the matrices S and Sy (Theorems 2 and 3). The practical algorithms are then derived
by a numerical integral approximation. As theoretical preliminaries for map building
in Sect. 4, this section explores the properties of the approximated matrices Sand Sk
Here, we assume that (z, w;) satisfy the following condition:

Zw,z [; ’ :OI o N=2 (13)

7 -

If the matrix pencil zB — A is diagonalizable and (z;, w;) satisfies condition (13),
we have

St =C*Sy, € =x,.4,X1,

where X, = [x1,x2,...,x,] is a matrix whose columns are eigenvectors corre-
sponding to finite eigenvalues X + = [¥1,%2,...,%,] is a submatrix of X = X H:
X?X, = I, and A, = diag(r, A2, ..., A,); see [15]. In the following analysis, we
introduce a similar relationship in the case that the matrix pencil zB — A is non-
diagonalizable. First, we define an upper triangular Toeplitz matrix as follows.

Definition 1 For a = [ay, ay, ..., a,] € CP" define T,(a) asann x n triangular
Toeplitz matrix, i.e.,

ar a an
O al ... an_l
Ty(a):=| . . ) . e ¢,
0 0 ag
Leta = [al’a21 e 7an]9b = [blasz e abn]9c = [C17 627 s 7cn] [S (Can and
a, B € C. Then, we have
aT, (@) + BT, (b) = T, (ea + pb), (14)
i
LT (®) = Tu(e), ¢ =D ajbijpr. i=12....n. (15)
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A relationship among contour integral-based eigensolvers 733

Lettingd = [a, 8,0, ...,0] € C*", we also have

(T, (@) = T, @d®), a® = [(g)akﬂo’ (T)ak1ﬁ1’ . (:)aknJrlﬂnl] ’

(16)

1 B (—ﬁ)"l} . an

(Tu(d) ™' = T,d"™), d(l):[_’__z""’ "
o o o

Using these relations (14)—(17), we analyze properties of Sand §k. From Theorem 1,
we have

r d
@B— A" =0 [EB (@l = I 0) " @ P (24, 0) — In,.)‘] PH,
i=1 i=r+1

[@ I, ® @ Jn, (0)] o',

i=r+1

where P = ﬁ’H, é” = Q’l. Therefore, the matrix Ek can be written as

N
Zw,z (z;B—A)'BV

N r
Za)}z Q{@ 2l — Jn; (A ))
j=1 i=1

= @ [ @ = 1) Jn,.(0>]} o"v

i=r+1

ZQz Zw]z zjly, Jn,(k)) oy

+ Z 0; ijz (2jIn ©) = 1))~ 4@ | OFV EL (18)

i=r+1

where Q; and éi are n x n; submatrices of Q and é respectively, corresponding to

the i-th Jordan block, i.e., @ = [Q1. 02..... Q4l. 0 =[01. Qa. ... Qul.

First, we consider the 1st term of S (18):

ZQz Zw/z il — Jw )| BV
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734 A. Imakura et al.

From the relation
Z/In, - Jn,()\'l) = T}’l([zj - )\'lv _15 07 DN 0])

and (17), we have

(Zjln,'_Jn;()\'i))_lzTn,' ([ ! > ! PR ! i|)
Zj—Ai (25— Ai) (zj —A)m

Thus, defining £, (1;) € C'*"i as

N
1 1 1
)\.l = / k ’ rrrt ’ 1
Fi0i) Z,w,z] |:Zj_)hi (zj — Xi)? (z/'—ki)'”] 1
j=1

from (14), we have
N
D025 @iy = Jy 0 =Ty (fr ) - (20)
j=1
Therefore, ./S’\,({]) can be rewritten as

S = > 0iT, (fr() OF'V. @D

i=1
Here, the following propositions hold.

Proposition 1 Suppose that (w;, z;) satisfies condition (13). Then, for any A; # 0
and ) <k <N+ p—2, p > 1, the relation

Noowid al wj (R (7 - M)
I gk j j T
.Z(Zj—ki)” _k"z(z,-—ki)"zzl( )( A ) 22

j=1 j=1 q=0 4

is satisfied.
Proof Since A; # 0, we have

k
w;z

k k
P _ Sk (Z—’) S ¢ MY (1 + 3 _k") . (23)
(zj = 2P (zj —ADP Ai (zj — 2P Ai

Here, from the binomial theorem (a + b)* = zgzo (lq‘)ak’q b4, (23) is rewritten as

k k

Wiz w; N (k) (Zj —)»i)q
(zj = 2P (zj—Ar)P ! =\ Ai '
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Therefore, the left-hand side of (22) is

j=1 q=0 q=p
p—1 k N
= | A ( ))»i_quj(z, —2)17P
g=0 /55
k k N
+ | A Z( )quzwj(zj — )P (24)
a=p 1 j=1

Because condition (13) is satisfied, we have

N
zwj(z;—ki)q_”=0, g=p.p+1,....N+p-2,
j=1

thus, for k < N + p — 2, the 2nd term of (24) becomes 0. Therefore, for k =
0,1,..., N+ p —2, we obtain

—1
Fot S e 8 (k)
— (zj — AP (zj — AP ! q A '

j=1 j=1 q=0
which proves Proposition 1. O
Proposition 2 Suppose that (w;, z;) satisfies condition (13). Then, for any 0 < k <
N — 1, the relation
Ty (fO)) = (U i) Ty (f9 (i) (25)

is satisfied, where f();) is defined by (19) and 0 =1.

Proof We first consider the case of A; = 0. From J,; (0) = 75, ([0, 1, 0, ..., 0]), there
exists a vector £, € C'*" satisfying

T (t0.0) 1= (I, (0 T, (f(0)) .
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Then, from (15) and (16), the p-th element (¢¢,x) » of £o x can be written as

(fo.) 0 (l=p=hk
P EN w0i k< p=n)

On the other hand, from the definition (19), the vector f(0) can be written as
N
_ _ k—n;
Fr©) = ol 57T

Since the first k elements of f;(0) are 0 from condition (13), we have f;(0) = ¢ .
Therefore, (25) is satisfied for A; = 0.

Next, we consider the case of A; # 0. From Jy,; (A;) = T, ([A;, 1,0, ...,0]) and
(16), we have

(Jn, N =Ty, ([xf, (];)xff‘, o (:.)xf.‘"f“]) . (26)

Let t; € C'*" be a vector satisfying
T, (1) = U, ) T, (fo (1)) -

Then, from (15), (26) and the definition of f(4;) (19), the p-th element (Zx), of ¢
can be written as

p N
k
)y =Y (q ) ~a+! Z ,—(Z] ERy=

q:l :

N -1
.k k (Zj—)ni)q
_/\iz(Zj—?») ( ) 27!

Zkfi(z]-—w ()(ZJ_A)

By Proposition 1, for0 < k < N 4+ p — 2, we obtain

i ‘“Mv

N .k
w;Z;

tp=> ——.
o g(zj—w

Therefore, for 0 < k < N — 1, we have
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and

T, (fe() = T, (1) = (n, 0))* T, (Fo (i)
is satisfied, proving Proposition 2. O

From Proposition 2, by substituting (25) into (21) and using (20), we obtain

S = ZQ, Jn O)* Ty (fo i) QR Y

—ZQ, ()" wa (2l — JG) " [ OBV @)

forany0 <k <N — 1. R
Now consider the 2nd term of S; (18), i.e.,

d N
—1 ~
57 =" 0 | D 02 (24 (0) — 1)~ 1, 0) | OFV.
i=r+1 j=1
From the relations

2jJn; (0) — Iy, = T,,,([—1, 2,0, ...,0]),
Jn; (0) =T, ([0, 1,0, ..., 0])

and (15) and (17), we have

(20 0) = 1) ™" T, (0) = =T, (10, 1,2, 3, ..., 7).

In addition, from (14), we have

N
Za)jZ];- (ZjJn,-(O) - In,-)il Jn,- (0)

J=1
N
k+1 k+n;—2
=-T, 110, E a)jz], E w;Z; Z wjz;
j=1

Here, because (z, w;) satisfies condition (13),

N
> w0k (200 0) = 1)) J, (0) =

j=1
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is satisfied for any 0 < k < N — n;. Therefore, letting

n:= max n;
r+l1<i<d v

the 2nd term of §k is O forany0 <k <N —n,1i.e.,
SP =o. (28)

From (27) and (28), we have the following theorems.

Theorem 8 Suppose that (w;, z;) satisfies condition (13). Then, we have
S =C*S, €= Qi,01,0%,,

forany 0 <k < N —n, where
Q1 =101, 02..... 01, Q1 =101, 02..... 0, Jir :=EP Ju, i)

Proof From (27) and (28), we have

= 0i(Jn, 0 Zw, 2jln — ) | OFV,

i=1

forany 0 < k < N — n. Here, we let
Fuy = T, (fo(h)) Zw, 2l — T O)

Fy = @ Fn,-a
i=1

then we obtain

$i=>"0i (J,0)" F,, OFV

i=1
= Ql:rjlk;rFlzréII_I:rV
= (Ql:rler QI]_I;r)k(lerFl:r éll{;rv)
= Ck5Sp.

Therefore, Theorem 8§ is proven. O
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Theorem 9 If (z;, w;) satisfies condition (13), then the standard eigenvalue problem
Cx; = Aix;, x; € R(Q1), rie€f2CC, (29)

is equivalent to the generalized eigenvalue problem (1).

Proof From the definition of C := Q1. J1.r éﬂr, the matrix C has the same right
eigenpairs (A;, x;),i = 1,2, ..., r as the matrix pencil zB — A, i.e., x; € R(Q1.).
The other eigenvalues of C are 0, and their corresponding eigenvectors are equivalent
to the right eigenvectors associated with the infinite eigenvalues A; = oo of zB — A,
ie., x; ¢ R(Q1.). Therefore, Theorem 9 is proven. O

4 Map of the relationships among contour integral-based eigensolvers

Section 3 analyzed the properties of the approximated matrices Sand Si (Theorem 8)
and introduced the standard eigenvalue problem (29) equivalent to the target eigenvalue
problem (1) (Theorem 9).

In this section, based on Theorems 8 and 9, we reconsider the algorithms of the
contour integral-based eigensolvers in terms of projection methods and map the rela-
tionships, focusing on their subspace used, the type of projection and the problem to
which they are applied implicitly.

4.1 Reconsideration of the contour integral-based eigensolvers

As described in Sect. 2, the subspaces R(S) and R(Sy) contain only the target eigen-
vectors x;, A; € £2 based on Cauchy’s integral formula. In contrast, the subspaces
R(S) and R(Sk) are rich in the component of the target eigenvectors as will be shown
in Sect. 5.

4.1.1 The block SS—RR method and the FEAST eigensolvers

The block SS—-RR method and the FEAST eigensolvers are easily reconfigured as
projection methods.

The block SS—RR method solves Ax; = A; Bx; through the Rayleigh—Ritz proce-
dure on R(E). The block SS—RR method (Algorithm 2) is derived using a low-rank
approximation of the matrix S as shown in Sect. 2.2. Since R(§) is rich in the com-
ponent of the target eigenvectors, the target eigenpairs are well approximated by the
Rayleigh—Ritz procedure.

The FEAST eigensolver conducts accelerated subspace iteration with the Rayleigh—
Ritz procedure. In each iteration of the FEAST eigensolver, the Rayleigh—Ritz
procedure solves Ax; = A; Bx; on R()S\o). Like R(§) in the block SS—RR method,
R(:S:O) isrich in the component of the target eigenvectors; therefore, the FEAST eigen-
solver also well approximates the target eigenpairs by the Rayleigh—Ritz procedure.
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4.1.2 The block SS—Hankel method, the block SS—Arnoldi method and the Beyn
method

From Theorem 8, we rewrite the block complex moments ﬁ,‘; of the block SS—Hankel
method as

ﬁ]L:‘ = VHTS'\]( = VHCS\](?] == VHCk§O.

Thus, the block Hankel matrices H E, H E< (7) become

~‘7ﬂ§0 e e VS

N vHCS, vHCS, . VHCSy_1

HM = . . . . )

VHCM—l’S‘O ﬁHCM—lgl . ‘7HCM—1§M_1

vics,  vHes, .o VHeSy

s vHczs,  vHczs, ... VHCIS,

Hy <~ =

M . . . )

VHCMS, VHcMg, ... yHCMS,

respectively. Here, let
S:=[V,cHv, (M, ... «cHM v
Then, we have
AD Z 33, A< Z §1CS.
Therefore, the generalized eigenvalue problem (6) is rewritten as
SHCSy, = 6;513y,;. (30)

In this form, the block SS—Hankel method can be regarded as a Petrov—Galerkin-
type projection method for solving the standard eigenvalue problem (29), i.e., the
approximate solution x; and the corresponding residual r; := Cx; —6;X; satisfy x; €
R(§) and r; L' R(S), respectively. Recognizing that R(E) C R(Q1.r) and applying
Theorem 9, we find that the block SS—Hankel method obtains the target eigenpairs.

Since the Petrov—Galerkin-type projection method for (29) does not perform the
(bi-)orthogonalization; that is SHS # 1, (30) describes the generalized eigenvalue
problem. The practical algorithm of the block SS—Hankel method (Algorithm 1) is
derived from a low-rank approximation of (30).

From Theorem 8, we have

R(S) = K5(C, So)
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similar to Theorem 5. Therefore, the block SS—Arnoldi method can be regarded as a
block Arnoldi method with ICAE,}(C , So) for solving the standard eigenvalue problem

(29). Moreover, for M < N — 1, any EM € BEI (C, §0) can be written as
N M—1
Ey=>0; > Z(jB—A)"'BVe;, a; e CH*L.
j=1 i=0

and the matrix multiplication of C by Ep is given by

N M—1
CEy = ijzj' Z le(ZjB — A)_IBVOl,'.
=1 i—0

similar to Theorem 7. Therefore, in each iteration, the matrix multiplication of C can
be performed by a numerical integration.

The Beyn method can be also regarded as a projection method for solving the
standard eigenvalue problem (29). From the relation Sy =c¢C §0 and the singular
value decomposition (11) of §0, the coefficient matrix of the eigenvalue problem (12)
obtained from the Beyn method becomes

UghSiWo 27! = U CSWo. 25 = U, CU 1.

Therefore, the Byen method can be regarded as a Rayleigh—Ritz-type projection
method on R(Uy 1) for solving (29), where R(Up,1) is obtained from a low-rank
approximation of Sp.

4.2 Map of the contour integral-based eigensolvers

As shown in Sect. 4.1.1, the block SS-RR method and the FEAST eigensolver are
based on the Rayleigh—Ritz procedure, which solve the generalized eigenvalue prob-
lem Ax; = X; Bx;. These methods use subspaces R(§) and R(:S‘b), respectively. The
FEAST eigensolver can be regarded as a simplified algorithm of the block SS—RR
method with M = 1 and no orthogonalization of the basis. Instead, the FEAST eigen-
solver presupposes an iteration based on an accelerated subspace iteration. Here, we
note that the block SS—RR method can also use an iteration technique for improving
accuracy as demonstrated in [15,21].

In contrast, as shown in Sect. 4.1.2, the block SS—Hankel, block SS—Arnoldi and
Beyn methods can be regarded as projection methods for solving the standard eigen-
value problem (29) instead of Ax; = A;Bx;. The block SS—Hankel method is a
Petrov—Galerkin-type method with R(g) the block SS—Arnoldi method is a block
Arnoldi method with R(§) ICD (c, So) and the Beyn method is a Rayleigh—Ritz-
type method with R(So) Note that because these methods are based on Theorems 8
and 9, (z;, ;) should satisfy condition (13).

Since the block SS—Hankel, block SS—RR and block SS—Arnoldi methods use R(S )
as the subspace, the maximum dimension of the subspace is LM. In contrast, the
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(Implicit)
transformation

The target GEP
Ax; = \;Bx; Cx; = \ix;

|_| |_| |_| Rayle:;h-Ritz |_|
Subspace

Rayleigh-Ritz

SEP with the same eigenpairs

iteration Petrov-Galerkin block Arnoldi
7o f=1----1}-----{F---- |------ \
1 1
1 1
1 1
v 1
.~ 4o __ |- o Pl I S ’,
with high order
moments
S | R M > 2emmn hoee e [ \

1
1
1

1
’

{ VvV

1

i block block block
! block SS-RR “ SS-Hankel “ H SS-Beyn H “ SS-Arnoldi

Fig. 1 A map of the relationship among the contour integral-based eigensolvers

FEAST eigensolver and the Beyn method use the subspace R(So), whose maximum
dimensionis L;thatis, rank (§0) can not be larger than the number L of right-hand sides
of linear systems at each quadrature point. Therefore, for the same subspace dimension,
the FEAST eigensolver and the Beyn method should incur larger computational costs
than the block SS—Hankel, block SS—RR and block SS—Arnoldi methods for solving
the linear systems with multiple right-hand sides.

A map of the relationship among the contour integral-based eigensolvers is pre-
sented in Fig. 1.

4.3 Proposal for a block SS-Beyn method

As mentioned above, one iteration of the FEAST eigensolver is a simplified version
of the block SS—RR method with M = 1 and no orthogonalization. In contrast, a
derivative of the Beyn method with M > 2 has not been proposed. Although this
paper mainly aims to analyze the relationships among these methods and provide a
map, we also propose an extension of the Beyn method to M > 2 as with the block
SS—Hankel, block SS-RR and block SS—Arnoldi methods.

As shown in Sect. 2.2.5, from the relation S; = CSp and a singular value decompo-
sition of §0, we can derive a small size eigenvalue problem (12) of the Beyn method.
As shown in Sect. 4.1.2, the Beyn method can be also regarded as the Rayleigh—Ritz
projection method with R(§0) for solving the standard eigenvalue problem (29). To
extend the Beyn method, here we consider the Rayleigh—Ritz projection method with
R(S‘\) for solving (29), i.e.,

vtcut; = o,t;

where § = USWH is a singular value decomposition of S. Using Theorem 8§, the
coefficient matrix UTCU is replaced as
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Algorithm 7 A block SS-Beyn method

Input: L, M, N € N,V e C"*L, (zj, wj) for j =1,2,.
Output: Approx1mate elgenpalrs (A Xj)fori =1,2,..., n’i
1: Compute S = Zﬁv 1952 (z,B A lBv,

and set S =[S, sl ..... Sv_11.8+ =151, 5. ..., Sul
2: Compute SVD of §: § = [U}, U>][Z}, O0; O, Z5][W;, W1
3: Compute eigenpairs (6;, ¢;) of UF§+W] Z‘flti = 0;t;,

and compute (A;, X;) = (0;, Ut;) fori =1,2,...,m

vicu = vtcsw s = uts,w x

3

where
§+ = [TS‘\]’/S\25 "-7§M] =

In practice, we can also use a low-rank approximation of §,

o 1[wh] _ H
[U1,U2]|:0 22}[W2H:|~U121W1.

Then, the reduced eigenvalue problem becomes
U1H§+W121_1t1 = 0;t;.

The approximate eigenpairs are obtained as (A, %) = (6;, Upt;). In this paper, we
call this method as the block SS-Beyn method and show it in Algorithm 7.

Both the block SS-RR method and the block SS-Beyn method are Rayleigh—
Ritz-type projection methods with R(S). However, since the methods are targeted at
different eigenvalue problems, they have different definitions of the residual vector.
Therefore, these methods mathematically differ when B # I. In contrast, the block
SS—Arnoldi method and the block SS—Beyn method without a low-rank approxima-
tion, i.e., m = LM, are mathematically equivalent.

5 Error analyses of the contour integral-based eigensolvers with an
iteration technique

Asshownin Sect. 2.2.3, the FEAST eigensolver is based on the iteration. Other iterative
contour integral-based eigensolvers have been designed to improve the accuracy [15,

21]. The basic concept is the iterative computation of the matrix %E_ D from the initial
matrix :S‘\(() ) =V as follows:
N
=> wi(z;B-AT'BSy, v=1.2,... -1 31)
j=1
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100

5 N=16
Q
£ N =32
N = 64 ——
2 108
e = 0 \
10
5 = A5\
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2 0o -10
- 10
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E 2 101 10748
(o)
1020,
I_E 543 219
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1020 Re 3475 9
A
(a) On the real axis for N = 16, 32, 64. (b) On the complex plane for N = 32.

Fig. 2 Magnitude of filter function | f (1)| of the N-point trapezoidal rule for the unit circle region £2

The matrices :ST,(CZ) and S© are then constructed from :Sw D

N
SO =180, 81,8y 8 =D widh @B - ATIBSY Y, (32)
j=1

and R(:S’\(()Z)) and R(:S’\(e)) are used as subspaces rather than R(§o) and R(fS’\). The £ iter-
ations of the FEAST eigensolver can be regarded as a Rayleigh—Ritz-type projection
method on R(?ée)).

From the discussion in Sect. 3, the matrix %E) can be expressed as

A(e) (erFlrer)

Here, the eigenvalues of the linear operator P = Qi F1.y Qll'lr are given by

N

T e
J i

j=1

The function f(A), called the filter function, is used in the analyses of some
eigensolvers with diagonalizable matrix pencil [9,15,22,23]. The function f (1) is
characterized by | f(A)| & 1 in the inner region and | f(A)| &~ 0 in the outer region.
Figure 2 plots the filter function when £2 is the unit circle and integration is performed
by the N-point trapezoidal rule.

Error analyses of the block SS—RR method with the iteration technique (31) and
(32) and the FEAST eigensolver in the diagonalizable case were givenin [9,15,23]. In
these error analyses, the block SS—-RR method and the FEAST eigensolver were treated
as projection methods with the subspaces R(S) and R(Sp), respectively. In Sect. 4,
we explained that the other contour integral-based eigensolvers are also projection
methods with the subspaces R(§) and R(Eo), but were designed to solve the standard
eigenvalue problem (29). In this section, we establish the error bounds of the contour
integral-based eigensolvers with the iteration technique (31) and (32), omitting the
low-rank approximation, in non-diagonalizable cases.
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5.1 Error bounds of the block SS-RR method and the FEAST eigensolver in the
diagonalizable case

Let (A;, x;) be exact finite eigenpairs of the generalized eigenvalue problem Ax; =
AiBx;. Assume that f(A;) are ordered by decreasing magnitude | f(A;)| > | f it
Define P© and Py as orthogonal projectors onto the subspaces R(S )y and the
spectral projector with an invariant subspace span{xi, x>, ..., Xy}, respectively.
Assume that the matrix Py [V, CV, ..., CM¥~1V]is full rank. Then, for each eigen-
vector x;,i = 1,2,..., LM, there exists a unique vector s; € ICAE,} (C, V) such that
’PLMS,‘ =Xj.

In the diagonalizable case, for the error analysis of the block SS—-RR method and the
FEAST eigensolver, the following inequality was given in [15] and [9,23] for M = 1:

()»LM+1) .

[ =Pyl < / . i=1,2,...,LM, 33
(I =P xill2 < api Tron i (33)
where ¢ = || X, ||2||X ll2 and B; = |lx; — s; l|2. Note that, in the diagonalizable

case, the linear operator P can be expressed as P= X, f(A, )X where f(A;) ==
diag(f (A1), f(X2), ... f(A+)). An additional error bound is given in [15]:

FOrmr) [0

I(Apw — i Bpw)xila < vill(I — PO)xill2 < aBiy;
)

. (34

fori = 1,2,...,LM, where Apw = POAPO, Bpwe = POBPO and Y =
IPE(A = 2:B)(I = PO). _

Inequality (33) determines the accuracy of the subspace R(S), whereas inequality
(34) defines the error bound of the block SS—RR method and the FEAST eigensolver.

5.2 Error bounds of the contour integral-based eigensolvers in the
non-diagonalizable case

The constant « in (33) derives from the following inequality for a diagonalizable
matrix Ggiag = XDX -1

1Giagllz < IXI20D 201X~ 2 < IX 211X ™ 1200 (Gaiag))"

where p(Giag) is the spectral radius of G gjag. This inequality is extended to a non-
diagonalizable matrix Dpon = XJ X —1 a5 follows:

G ol < IX 12074020 X M2 < 20X 120X 12" (0(Gnon)),
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where p(Gpon) is the spectral radius of Gyon and 71 is the maximum size of the Jordan
blocks. Using this inequality, the error bound of the contour integral-based eigensolvers
in the non-diagonalizable case is given as

fOrmen [

— POy, 1g.gn—1
(=P )xill2 < o it 700)

, i=1,2,...,LM, (35)

where o’ = 2(| Q1|2 é1 -+||2. From (35), the error bound of the block SS—RR method
and the FEAST eigensolver in the non-diagonalizable case is given by

fOrmn |

I(Apw — i Bpw)xilla < vill (I = PO)xilla < o' By’ 00
1

, (36)

fori =1,2,...LM.

The inequality (36) derives from the error bound of the Rayleigh—Ritz procedure
for generalized eigenvalue problems Ax; = A;Bx;. From the error bound of the
Rayleigh—Ritz procedure for standard eigenvalue problems [18, Theorem 4.3], we
derive the error bound of the block SS—Arnoldi and block SS-Beyn methods as

fOrmin |

. (37
f) G

I(Cpw — 1 DPOxilla < y' Il —PO)xilla < o' Biy'e"!

fori =1,2,..., LM, where Cpw := POCP® and y = |POCUT —PO)|,.

In addltlon let Q be the oblique projector onto R(S (l)) and orthogonal to R(S).
Then, from the error bound of the Petrov—Galerkin-type projection method for standard
eigenvalue problems [18, Theorem 4.7], the error bound of the block SS—Hankel
method is derived as follows:

fOLmin [

c
It )

— i DPOxilla < /I = POyxill < o' Biy/ 0" , (38)

PO

fori =1,2,.... LM, where C3,, := QCP® and /" = | Q(C — 1, [)(I = PD) 1.

Error bounds (36), (37) and (38) indicate that given a sufficiently large subspace,
ie., |f(Apme1)/f(A)|¢ & 0, the contour integral-based eigensolvers can obtain the
accurate target eigenpairs even if some eigenvalues exist outside but near the region
and the target matrix pencil is non-diagonalizable.

6 Numerical experiments

This paper mainly aims to analyze the relationships among the contour integral-based
eigensolvers and to map these relationships; although, in this section, the efficiency of
the block SS-Hankel, block SS—RR, block SS—Arnoldi and block SS—Beyn methods
are compared in numerical experiments with M = 1,2, 4, 8 and 16.

These methods compute 1000 eigenvalues in the interval [—1, 1] and the cor-
responding eigenvectors of a real symmetric generalized eigenvalue problem with
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20,000 dimensional dense and random matrices. I" is an ellipse with center 0
and major and minor axes 1 and 0.1, respectively. The parameters are (L, M) =
(4096, 1), (2048, 2), (1024, 4), (512, 8), (256, 16) (note that LM = 4096) and N =
32. Because of a symmetry of the problem, the number of required linear systems
is N/2 = 16. For the low-rank approximation, we used singular values o; satisfy-
ing 0; /o1 > 1074 and their corresponding singular vectors, where o7 is the largest
singular value.

The numerical experiments were carried out in double precision arithmetic on 8
nodes of COMA at CCS, University of Tsukuba. COMA has two Intel Xeon E5-2670v2
(2.5 GHz) and two Intel Xeon Phi 7110P (61 cores) per node. In these numerical
experiments, we used only the CPU part. The algorithms were implemented in Fortran
90 and MPI, and executed with 8 [node] x 2 [process/node] x 8 [thread/process].

The numerical results are presented in Table 1. First, we consider the numerical
rank 7. Comparing M dependence of the numerical rank 72 in the block SS—Hankel,
block SS-RR and block SS-Beyn methods, we observe that the numerical rank
increases with increasing M. This is causally related to the property of the subspace
ICAD,I(C , V), because S is written as

§= (Ql:rFl:r Q\I?r) [Va CV’ e CM_IV]~

For M = 1, the subspace ICF(C, V) = R(V) is unbiased for all eigenvectors, since

V is a random matrix. On the other hand, for M > 2, the subspace ICAEJ, (C, V) con-
tains eigenvectors corresponding exterior eigenvalues well. Therefore, for computing
interior eigenvalues, the numerical rank 7 for M = 16 is expected to be larger than
for M = 1.

Next, we consider the computation time. The computation times of the LU factor-
ization, forward and back substitutions and the other computation time including the
singular value decomposition and orthogonalization are denoted by L.y, #Solve, fOther>
respectively. The total computation time is also denoted by . We observe, from
Table 1, that the most time-consuming part is to solve linear systems with multiple-
right hand sides (fL.u 4+ fsolve)- In particular, fsolve is much larger for M = 1 than for
M = 16, because the number of right-hand sides for M = 1 is 16 times larger than
for M = 16. Consequently, f1oa increases with decreasing M.

We now focus on foer- The block SS—Arnoldi method consumes much greater
fother than the other methods because its current version applies no low-rank approx-
imation technique to reduce the computational costs and improve the stability [13].
For the block SS—Hankel, block SS—RR and block SS—Beyn methods, 7oer is smaller
as M and the numerical rank 7 are smaller. In addition, the block SS—Hankel method
consumes smallest foher among tested methods, because it performs no matrix orthog-
onalization.

Finally, we consider the accuracy of the computed eigenpairs. The block SS—Hankel
and block SS—Arnoldi methods are less accurate than the other methods, specifically
for M = 16. This result is attributed to no matrix orthogonalization in the block SS—
Hankel method, and to no low-rank approximation in the block SS—Arnoldi method.
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Table 1 Computational results of the block SS—Hankel, block SS-RR, block SS—Arnoldi and block SS—
Beyn methods with M =1, 2,4, 8 and 16

M m Time (s) Residual norm

ILU ISolve [Other ITotal Max;,; e llrill2 Miny, e lrill2

Block SS—Hankel method

1 1274 126.47 97.80 41.57 265.84 1.72 x 10714 3.06 x 10~15
2 1291 126.38 49.02 28.74 204.14 1.12 x 10712 272 x 10715
4 1320 126.46 25.40 25.93 177.78 2.15x 10714 3.16 x 10715
8 1419 126.33 13.53 26.39 166.25 1.31 x 10~ 11 1.66 x 10714
16 2206 126.24 7.65 32.41 166.30 1.64 x 10796 1.59 x 10~ !
Block SS-RR method
1 1283 126.45 97.27 38.62 262.33 134 x 10713 1.05 x 1013
2 1292 126.31 48.77 38.84 213.92 135x 10713 9.56 x 1014
4 1304 126.34 2522 38.49 190.05 1.73x 10713 9.89 x 10714
8 1340 126.33 13.46 38.78 178.57 553 x 10713 1.16 x 10713
16 1461 126.49 7.65 40.84 174.98 1.34 x 10~ 11 1.24 x 10713
Block SS—Arnoldi method
1 4096 125.96 97.13 94.58 317.66 472 x 10798 4.46 x 10712
2 4096 126.43 48.84 62.11 237.37 5.24 x 10708 1.99 x 10~13
4 4096 126.13 25.20 52.61 203.94 2.64 x 10708 524 x 10713
8 4096 126.23 13.46 49.32 189.02 9.05 x 10799 8.80 x 10713
16 4096 126.35 7.63 54.41 188.38 9.31 x 10797 7.70 x 10713
Block SS-Beyn method
1 1283 126.17 97.24 32.63 256.05 1.34 x 10713 1.06 x 1013
2 1292 126.48 48.76 32.14 207.37 1.36 x 10713 9.58 x 1014
4 1304 126.22 25.22 31.25 182.69 1.74 x 10713 9.91 x 10~ 14
8 1340 126.21 13.44 31.09 170.74 5.54 x 10713 1.16 x 10713
16 1461 126.45 7.65 3225 166.35 1.90 x 10710 1.25 x 10713

On the other hand, the block SS—RR and block SS—Beyn methods show high accuracy
even for M = 16.

7 Conclusions

In this paper, we analyzed and mapped the mathematical relationships among the
algorithms of the typical contour integral-based methods for solving generalized eigen-
value problems (1): the block SS—Hankel method, the block SS—RR method, the
FEAST eigensolver, the block SS—Arnoldi method and the Beyn method. We found
that the block SS—RR method and the FEAST eigensolver are projection methods for
Ax; = A;Bx;, whereas the block SS-Hankel, block SS—Arnoldi and Beyn methods
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are projection methods for the standard eigenvalue problem Cx; = A;x;. From the
map of the algorithms, we also extended the existing Beyn method to M > 2. Our
numerical experiments indicated that increasing M reduces the computational costs
(relative to M = 1).

In future, we will compare the efficiencies of these methods in solving large, real-
life problems. We also plan to analyze the relationships among contour integral-based
nonlinear eigensolvers.
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