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Abstract This paper is concerned with the approximation of matrix functionals
of the form w? f(A)v, where A € R™*" is a large nonsymmetric matrix, w,v € R",
and f is a function such that f(A) is well defined. We derive Gauss—Laurent
quadrature rules for the approximation of these functionals, and also develop
associated anti-Gauss-Laurent quadrature rules that allow us to estimate the
quadrature error of the Gauss—Laurent rule. Computed examples illustrate the
performance of the quadrature rules described.
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1 Introduction

We are concerned with the approximation of matrix functionals of the form
F(A) :=w" f(A)v (1)

by quadrature rules. Here v,w € R"™ with vTw = 1, the superscript 7 denotes
transposition, and A € R™*" is a large nonsingular matrix, which may be nonsym-
metric.
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Assume for the moment that the matrix A has the spectral factorization
A=SAS1, (2)

where S € C"*" is nonsingular and A = diag[A1, Az, ..., ] € C*"*™. We remark
that the computation of the quadrature rules does not require this factorization,
but it simplifies their derivation. Substituting (1) into (1) gives

n

F(A) =w " SFA)S v =" f(\)vvf, (3)
j=1
where [v1,va,...,vn] == w?S and [V}, 04, ...,vh] := (S7 )T, The right-hand side

of (1) can be expressed as a Stieltjes integral

If = / F(2)du(2), (4)

where dw is a complex-valued measure with support at the eigenvalues A1, A2, ..., An
in the complex plane. It follows from w’v = 1 that J dw(z) = 1. A discussion on
the situation when A does not have n linearly independent eigenvectors is provided
by Pozza et al. [23,24].

It is the purpose of the present paper to derive Gauss—Laurent-type quadrature
rules for the approximation of the integral (1) or, equivalently, of the functional
(1). These rules are exact for certain Laurent polynomials, which are polynomials
in z and 1/z. Gauss-Laurent quadrature rules for the approximation of (1) can be
computed by applying a few steps of the nonsymmetric rational Lanczos process to
the matrix A with initial vectors v and w. Associated anti-Gauss-Laurent rules also
are developed. The latter rules allow us to compute estimates for the quadrature
error in Gauss—Laurent rules. Specifically, pairs of Gauss—Laurent and associated
anti-Gauss—Laurent quadrature rules allow the computation of estimates of upper
and lower bounds for the quadrature error in Gauss—Laurent rules. With this we
mean that a pair of a Gauss—Laurent rule and an associated anti-Gauss—Laurent
rule for many integrands f, matrices A, and vectors v and w, provide upper and
lower bounds for the integral (1), and therefore for the functional (1). However,
they do not provide upper and lower bounds for all integrands and it is difficult to
assess a priori if the computed quantities are upper and lower bounds. We therefore
refer to the computed quantities as estimates of upper and lower bounds.

Anti-Gauss rules for the estimation of the error in (standard) Gauss quadrature
rules for the approximation of integrals with a nonnegative measure with support on
(part of) the real axis were proposed in a seminal paper by Laurie [19]. An extension
to the estimation of functionals of the form (1) by Gauss-type quadrature rules is
described in [5]. Further extensions and modifications of Gauss and anti-Gauss rules
are described in [1,2,7,26]. However, none of these extensions and modifications
are concerned with Gauss—Laurent and anti-Gauss—Laurent quadrature rules. The
reason for our interest in Gauss—Laurent-type quadrature rules is that they may
provide much higher accuracy than Gauss rules with the same number of nodes if
the integrand has a singularity close to the support of the measure that determines
the quadrature rules. Applications of Gauss—Laurent quadrature rules to the
approximation of functionals (1) with a symmetric matrix A are described in [4,
13]. However, Gauss-Laurent quadrature rules and associated anti-Gauss-Laurent
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quadrature rules for the approximation of functionals (1) with a nonsymmetric
matrix A have not been developed until now. We remark that the present paper,
as well as the references mentioned in this paragraph, generalize and modify an
approach described by Golub and Meurant [10] for computing upper and lower
bounds for functionals (1) with a symmetric matrix A € R™*™ and an integrand f
with derivatives that do not change sign on the convex hull of the spectrum of A.

This paper is organized as follows. Section 2 reviews the approach described
in [7] for approximating the functional (1) by first carrying out a few steps of
the nonsymmetric Lanczos process to the matrix A with initial vectors v and w,
and then using the computed quantities to define a Gauss quadrature rule for the
approximation of (1). Associated Krylov subspaces are defined. These spaces are
determined by the matrix A, its transpose, and the vectors v and w. Section 3
introduces extended Krylov subspaces, i.e., Krylov subspaces that are determined
by the matrix A, its transpose, their inverses, as well as by the vectors v and w. We
remark that recursion formulas for extended Krylov subspaces that are determined
by a symmetric matrix are discussed by Mach et al. [20] and recursion formulas
for rational Krylov subspaces that are determined by a symmetric matrix A and
inverses of shifted matrices, (4 — o} I)™1, for suitable scalars oj, are considered by
Mach et al. [21]. Applications and recursion formulas for rational Krylov subspaces
of the latter kind also can be found in [14,27]. Recently, Van Buggenhout et al.
[29] discussed the recursion relations for biorthogonal bases for rational Krylov
subspaces determined by A, AT as well as by inverses of shifted matrices (A—o ;I y~t
and (AT — 091)71 for suitable scalars o and ¢. Section 3 presents an alternate

J
derivation of these recursion formulas for the case when o; = ¢ = 0 for all j.

Our derivation extends the approach described in [16] to nonsymnjletric matrices.
Section 4 discusses the application of the recursions of Section 3 to the computation
of Gauss—Laurent and anti-Gauss—Laurent quadrature rules. The former rules are
Gauss-type quadrature rules that are exact for specified positive and negative
powers of z.

A nice introduction to rational Gauss rules is provided by Gautschi [9, Section
3.1.4]. More recent discussion of rational Gauss rules can be found in [6,25].
Applications of rational Gauss quadrature to model reduction are described by

Barkouki et al. [3] and Gallivan et al. [8].

2 Gauss quadrature rules

This section describes the application of the nonsymmetric Lanczos process to
the nonsymmetric matrix A € R™*" to compute Gauss quadrature rules for the
approximation of the functional (1). Further details and extensions can be found in
[2,5,7]. Let the vectors v, w € R™ satisfy w? v = 1. Then application of 1 <m < n
steps of the nonsymmetric Lanczos process to A with initial vectors v and w gives
the Lanczos decompositions

AV = Vi T + tm+1,mvm+le%:u (5)
ATWm = Wng + tm,m+1'wm+1e£,
where the matrices Vi, = [v1,v2,...,vm] € R™*™ and Wy, = [w1, w2, ..., wmn] €
R™ ™ with vy := v and w1 := w satisfy
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and the columns of V,, and W, form bases for the Krylov subspaces

K™(A,v) = span{v, Av, ..., A™ 1o},
(7)

K™ (AT, w) = span{w, ATw,... (AT)" 1w}

Moreover, the vectors vy, 41, wmi1 € R™ satisfy V,i wpq1 = 0, Whvme1 = 0, and
w%_va_H =1, and the matrix Ty, = W,; AV, is nonsymmetric and tridiagonal.
Here and below e; = [0,...,0,1,0,.. .,0]7 denotes the ;" axis vector and I, €
R™*™ stands for the identity matrix. We assume that m is chosen small enough
so that the decompositions (2) with the stated properties exist.

It follows from the recursion relations (2) that the jth columns of Vi, and Wi,
can be expressed as

v =pj—1(Av, w;= qj_l(AT)w, i=1,2,...,m, (8)

where p;_; and g;_; are polynomials of degree j — 1.
Introduce the bilinear form

(0:0) = ((AT)w)T (p(A)w) = w” Sq(A)p(A4)S~ v = / d@p()duw(z),  (9)

where dw is the measure in (1). It follows from (2) that the families of polynomials
{po,p1,p2,... } and {qo,q1,q2,... } defined by (2) are biorthogonal with respect
to the bilinear form (2). We have

(@h-1,2j-1) = (au-1(AT)w)" (pj—1(A)v) = wiv; = {

where the last equality follows from (2). Using the biorthogonality, we can show
that

Gm(f) == el f(Tm)e1 (10)

is a Gauss quadrature rule for the approximation of (1), i.e.,
Gm(f) =w" f(A)v  VfEPamo1,

where P2,,—1 denotes the set of all polynomials of degree at most 2m — 1; see, e.g.,
[2,5,7] for proofs.

Assume for the moment that the matrix Ty, has m distinct eigenvalues. Then
substituting the spectral factorization of Ty, into (2) shows that G (f) is a quadra-
ture rule with m nodes, which may be complex-valued. The situation when T},
does not have a spectral factorization with m linearly independent eigenvectors is
discussed by Pozza et al. [23,24].

The application of a Gauss rule (2) to approximate the functional (1) is ap-
propriate when the function f can be approximated well by a polynomial of small
to moderate degree. However, if this is not the case, then Gauss rules (2) with a
moderate number of nodes, m, may yield poor approximations of the functional
(1). It sometimes is possible to circumvent this difficulty by using rational Gauss
rules. The following section discusses rational Gauss rules with one pole in the
finite complex plane for the approximation of (1).
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3 Recursion relations for extended Krylov subspaces

When the function f in (1) has a singularity close to the support of the measure
dw in (1), rational Gauss quadrature rules with a pole at or close to the singularity
may yield approximations of (1) of higher accuracy than a Gauss rule (2) with the
same number of nodes. This is illustrated in Section 5.

We will assume that the singularity of f close to the support of the measure is
at the origin. Rational Gauss rules that are exact for as many positive and negative
powers of z as possible are commonly referred to as Gauss—Laurent quadrature rules.
Similarly as Gauss rules are related to the Krylov subspaces (2), Gauss—Laurent
quadrature rules are related to extended Krylov subspaces

K“™(A,v) = span{A~ o, ... A7 v v, Av, ..., AT L), (11)
Ko™ (AT w) = span{(AT) " w, ... (AT) " tw,w, ATw, ..., (AT)™" 1w},

Generically, the subspaces K™ (A, v) and K“™ (AT w) are of dimension m + £ — 1;
if £ =1, then the spaces (3) simplify to the standard Krylov subspaces (2).

The computation of Gauss—Laurent quadrature rules for the approximation
of (1) in the case when the matrix A is symmetric is discussed in [4,13,16], and
several other applications of extended Krylov subspaces are described by Heyouni,
Jbilou, Knizhnerman, and Simoncini [12,18]. Our contribution differs from these
works in that we use the pair of extended Krylov subspaces (3) and develop short
recursion relations for biorthogonal bases. A different approach to the derivation of
such recursion relations has recently been proposed by Van Buggenout et al. [29].

The remainder of this section discusses the generation of biorthogonal bases for
pairs of nested Krylov subspaces

KL+ (A v) c K224 (4, v) ¢ ... c K™™iT1(4, v) c R",
(12)
K41 (AT w) € K224 (AT w) ... c K™+ (AT, w) C R™,

where ¢ is a positive integer. These recursions generalize those reported in [16]
for a symmetric matrix A. Schweitzer [28] recently described recursion relations
for the situation when ¢ = 1. Each increase in the denominator degree requires
the solution of linear systems of equations with the matrices A and AT while
each increase in the numerator degree demands the evaluation of matrix-vector
products with the matrices A or AT, which typically is cheaper than the solution
of systems of equations. This makes it possible to compute rational Gauss—Laurent
rules corresponding to ¢ > 1 faster than Gauss—Laurent rules with the same number
of nodes corresponding to ¢ = 1. Illustrative examples are presented in Section 5.
Computed examples for the situation when A is symmetric can be found in [15,16].

3.1 Recursion relations for extended Krylov subspaces

In this subsection, we will use biorthogonal sequences of Laurent polynomials to
generate bases for the extended Krylov subspaces (3) corresponding to the orderings

v, Av, ... Alv, A7 o, ATy, A%, AT 20, AP ey,
w, ATw, ... (AT, (A7) " tw, (AT)Hw, ... (AT) 2w, (AT) 2w, (AT)2 H e, ..
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where the last powers of A and A" are required to be positive.
Introduce the space of Laurent polynomials

. —m —m-+1
Lo im =span{z ",z U T

..,Zi’"b_l,Zim} p GR\{O}
There are two sequences of monic biorthogonal Laurent polynomials

¢Oa¢1a .. '¢i7¢—17¢i+15 .. '7¢2ia¢—27¢2i+15 .. ~7¢—m+17 .. ~7¢ima (13)
Y0, V1, Vi, U1, Yig1, - Y20, Y2, Y2it1, - Yem 1 Vi,

of the forms

j—1
2+ Z cj)gzz, i=123,...,
¢;(2) = t=—G-1)/4]

g
2+ Z cj)gze, j=-1,-2,-3,... ,
t=j+1
and
k—1
K YT ded k=1,2,3,...,
t=—|(k—1)/i
Pp(z) 1= L( ‘kl)/lj

—1
Kb N dgt k=-1,-2-3,...,
l=k+1

with ¢o(2) = o(z) = 1. Thus,

(¢5,v%) =0, J#k,

where the bilinear form is given by (2). We assume here that ¢ and m are small
enough so that the Laurent polynomials (3.1) indeed form biorthogonal bases for
the space L, im.-

The vectors

’Uj:gf)j(A)’U, j=—-m+1,—-m+2,... im, (14)

and
wj = (AT )w, j=—-m+1,-m+2, ..., im, (15)

form biorthogonal bases for the extended Krylov subspaces K™ +1( A, v) and

K™ M+ (AT ), respectively, with vg = v and wo = w. Hence, the determination

of biorthogonal bases for these extended Krylov subspaces is equivalent to the

generation of biorthogonal bases for the space L£,;,—1 im of Laurent polynomials.
Define for the nonsingular matrix M € R™*" the bilinear form

[z, y]p = 2" My, z,y e R",

which is needed in the following proposition. The proposition specifies some condi-
tions that are required to compute the trailing and leading coefficients of { @i, Yim }

and {¢—m,¥—m}.
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Proposition 1 Let the matriz A be such that

['wimvvim]Afl # 0, [w—Ma 'U—m}A # 0.

Then the trailing coefficients cim,—m+1, dim,—m+1 of Gim, Yim, respectively, and the
leading coefficients c_m im, d—m im Of @—m,V¥—m, respectively, are nonvanishing.

Proof We first show that the coefficient ¢;y, —m+1 is nonzero. Consider the Laurent
polynomials z~ @i, and ;. By the properties of the inner product (2), we obtain

(Z_1¢imvwim) = ['wim: Uim}A—l # 0.
On the other hand,
(Zilqbima wzm) = (Cim,—m-i-lzim + ¢, 1/sz),

where ¢ € Ly,—1,im—1. Hence,

(zilﬁbima wzm) = Cim,—m+1 (me7 wzm)
It follows that c;m,—m+1 # 0. In the same manner, we can show that d;p, —m+1 # 0.
We now apply this argument again to show that c_;, ;» is a nonvanishing.

Consider the Laurent polynomials z¢_,, and v¢_,,. Using the definition of the
bilinear form (2), we have

(Z¢—m7¢—m) = [w—mﬂv—m}A 74‘ 0.
Further,
ZQ—m,Y—m) = Cfm,imzl #;P—m),
(2¢—ms¥—m) = ( Tt o, m)
where ¢ € Ly,—1 im- Hence,
(Z¢—7n7 ¢—m) = Cfm7im(zim+1:¢—m)7
and therefore c_,, im # 0. Analogously, we can show that d_,, ;, #0. O

Suppose that biorthogonal bases of Laurent polynomials

{¢07¢17 . -,¢i7¢71a¢’i+1>' . '7¢2i1¢727¢2i+1>' . 7¢zm}
{w(%wlv . ~,1/’i,1/’71,1/}i+17~ . 7¢2i7w727w2i+1, v 7'(/"1m}

for L£,,—1,im are available. The next subsections describe how to extend these bases
to biorthogonal bases for the space L, j(m41)-
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3.2 Computation of ¢_,, and _,

The evaluations of ¢_,, and _,, correspond to determining biorthogonal bases
for Ly, im+; for j = 0. Consider the Laurent polynomials

Cim,fm-l—l(lﬁfm(z) - Zﬁl¢im(z)7 dim,fm—&-l'l/]fm(z) - Zilwim(z) S [/mfl,im' (16)

By Proposition 1 the coefficients ¢;p,, —m41 and dip,—m+1 of ¢4, and 4y, respec-
tively, are nonvanishing. Therefore,

m
Cim,fm—i-l(;bfm(z) - Zﬁl¢im(z) = - Z aim,k¢k(z)7
k=—m-+1
m
dim,—m+11/1—m(z) - Zﬁl"/}im(z) = - Z bim,kd’k(”«')v
k=—m+1
with the Fourier coefficients given by
C i) )y

R T R T I

Since ¢im7wim €L Lm—l,im—l and
2o (2), 2 (2) € Lon—1yim—1,  k=-m+2,...i(m—1),

it follows that the only nonvanishing Fourier coefficients are related to the previous
sets of ¢ + 1 Laurent polynomials, {¢d—m+1,...,Pim} and {Y—m+1,...,Yim}. We
therefore obtain

Cim,fm—i-l(b—m(z) = Z_1¢im(z) - aim,im¢im(z) - aim,imfl(ﬁimfl(z) ..
_aim,i(m—1)+1¢i(m—1)+1(Z) - aim,7m+1¢—m+1(z)»
dim,—m«#lwfm(z) = Zﬁlwim(z) - bim,imwim(z) - bim,im—lwim—l(z) .-

_bim,i(mfl)-l—ldji(mfl)-&-l(Z) - bim,—m+1¢—m+1(z)'
This yields the (i + 2)-term recursion formulas

0—mU—m = (Ail - Cim,im-[n)vim - Cim,imfl'vimfl e
—Cim,i(m—1)+1Vi(m—1)+1 — Cim,—m+1V—m+1,
(17)
Y—mW—m = ((AT)il - nim,im—[n)wim — Nim,im—1Wim—1 — .- -
—Mim,i(m—1)+1Wi(m—-1)+1 — Nim,—m+1W—m+1

with (5, = ng_l'uj and n; 1, == 'ug(A_T)wj.
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3.3 Computation of ¢jmpm41 and Yim11

We determine biorthogonal bases for L, ;my; for j = 1. Regard the Laurent
polynomials
Cfm,im(z)im—&-l(z) - Z¢—m(z): dfm,imwim—&-l(z) - Zw—m(z) S ﬁm,im-

Analogously to the case j = 0, we express the Laurent polynomials (3.2) in terms
of their Fourier expansions with Fourier coefficients

a & — (Z(b*m?wk) b k — (Zw*qusk‘)
o (rsor) = ™ (r, V)

Note that ¢ —m,¥—m L Lym—_1,im and

k=—-m,...,im.

2¢1(2), 201(2) € Lon_1,im> k=-m+4+1,...,im— 1.
Therefore ¢p,4+1 and vy, 41 satisfy

Cfm,im(z’im-l—l(z) = Z(ZS*m(Z) - afm,fm(ﬁfm(z) - afm,imqbim(z)a
d—m,imwim—ﬁ-l(z) = Z"/)fm(z) - bfm,fmwfm(z) - b—m,zmwzm(z)

This gives the three-term recursion formulas

5im+1vim+1 = (A - a—m,—mfn)'v—m — Q—m,imVim, 18
. ) — (AT T . ) ( )
Yim+4+1Wim41 = ( - /B—m,—m n)'w—m - /B—m,zmwzma

3 I A e 2T AT
with a; ;= wy, Av; and §; 1 1= vy, A" w;.

3.4 Computation of ¢im42 and Yip 4o

We would like to determine biorthogonal bases for £, jm2. Consider the functions

dimt2(2) — 20im+1(2),  Yim+2(2) — 20im+1(2) € Lon im+1-
The Fourier expansion of @im12(2) — 2¢im+1(z) has the coefficients

o = (2@im+1,¥x)
i O

and the Fourier coefficients of ¥im42(2) — z¢im+1(2) are given by

b _ (zYimg1, di)
LR )

In view of that ¢im11,Vim+1 L Lm,im and

k=-m,...,im+ 1,

k=-m,...,im+ 1.

201(2), 20k (2) € Lo im. k=-m+1,...,im — 1,
it follows that ¢im+y2 and ¢, 4o satisfy
dim+2(2) = 20im+1(2) — Cimi1,im+10im+1(2)
*aierl,—m(ls—m(Z) - aim+1,im¢im(3)7
"Z}im+2 (Z) = Z"/}im+1(z) - bim+1,im+1wim+1(z)
_bim+1,7mw—m(z) - bim—‘—l,imwim(z)v
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which yields the four-term recursion formulas

5im+2vim+2 = (A - aim+1,im+1[n)vim+1
—Oim+1,—mUV—m — ¥m41,imVim,;
(19)
Yim+2Wim+4+2 = (AT - ﬁim+1,im+1]’n)'wim+1
_/Bierl,—mw—m - ﬂierl,imwim-

3.5 Computation of ¢jy,4; and Y,y for j =3,4,...,4

We describe how to determine the remaining basis elements for the subspace
L im+j for 3 < j <i. They can be computed with the aid of the nonsymmetric
Lanczos recursions. We have

5im+jvim+j = (A - aierj—l,ierj—lIn)vierj—l
—Qim+j—1,im+j—2Vim+j—2,
(20)
. P -*(AT—B- S 1 0n)w; )
Yim+jWim+j5 = im4-j—1,im+j—14n )Wim4j—1
—Bim+j—1,im+j—2Wim—+j—2-

This completes the computation of the basis for £,, ;(n41)-

3.6 Algorithm and biorthogonal projection

The following algorithm summarizes the computation of the biorthogonal bases
for the extended Krylov subspaces K™+ 1m+1(A o) and K™ 1M+ (AT ). The
algorithm is based on the recurrence relations for the biorthogonal bases for £,,,—1 im
derived in the previous subsections. Further details on the correspondence of the
biorthogonal bases for K™+ 1m+1( 4 v) and K™+1Him+1(AT ), and for Lm—1,im
can be found after the algorithm.

It is known that the nonsymmetric Lanczos algorithm may suffer from break-
down. This occurs when the inner products r*'s or #7 5 in Algorithm 1 vanish, so
that a coefficient §; or v; become zero. We will assume that m is small enough so
that breakdown does not occur.

Algorithm 1 (Computation of biorthogonal bases for K™+1Lim+1(4 )

and KMHLmFL (AT 4p).)

Input: integers m,i, v,w € R™ "™ such that (v,w) = 1, functions for evaluating
matriz-vector products and solve linear systems of equations with A, AT e RX™
Output: biorthogonal bases {vy}i™ _ for K™ LMt (A v) and {wy}i™_ for
]Kerl,ierl(AT7 w)},

v_1:=0;
w_1 :=0;
Vo 1= v;

wo = w/(wlv);

for k=0,1,...,m—1do
ri= Av_p;
s := AT'w,k;
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Oz_kﬂ‘k = 'wZ-Tkr; TI=r— a_k,ik'uik;
Bk, ik = vlhs si=s— Bk, ikWik;
A —f = wzkr; TI=T -0 kU_k;
SI=8—Q_f, pW_g;
i =T s vy =i
Vikt1 =T 8/Oip1; Wiks1 = 8/Vikt1}
= AV
s = A" w415
Qik+1,ik = w?k”:’ TI=T — Qik41,ikViks
Bik+1,ik 1= Vip8; 8 1= 8 — Bif1,ikWik;
Qikt1,—k = WEr; P =T — Vg
Bik+1,—k = vl s s:=5— Bik+1,—kW_k;
Qikt1,ik+1 = wz;qul"'; Ti=T = Qjk41,ik+1Vik+15
8 1= 8 — Qk41,ik+1Wik+15
Sirra =T s vy 0 =1 i 0;
Vikt2 =17 8/Oipto; Wiksa = 8/Vikt2;
for j=3,...,ido
= Avipg 15
s = ATwZ-k_,_]-,l;
Qjktj—1,ik4+j—2 = wg,;c-i,-ijr; TI=T = Qi j—1,ik+j—2Vik+j—25
Biktj—1,ik4j—2 ‘= ’U7,Tk+j—28; 8:= 8 — Biktj—1,ik+j—2Wik+j—2;
Ajftj—1,ik+5—1 = wz;q;+j—1r)' Ti=T = Qktj—1,ik+j—1Vik+5—15
§1=8 = Qikyj1,ik4j—1Wiktj—1;
ity = rT 82 vy =10y
Vikj = TL8/Oiktji Wiksj = 8/Viktji
end
’f‘ = Ail’vi(k+1);
§:= A_Twi(k+1),'
Cith1),—k = W P; P i= P = g1, —kV—ks
Mi(k1),—k = V87 8 1= 8 — Wiy 1),—kW_k;
for j=0,...,i—1do
Gtk 1),i(k+1)—j 7= Wigeg1)—j 75 7 1= P = Cilhp1)i(k+1) — Vi +1) — 55
Ni(k+1),i(k+1)—j ‘= ”z‘T(k+1)7j§; 8= 8 = Mi(k+1),i(k+1)—j Wilk+1)—j
end
(1) = #7812 vy =70 gy
Vo ot1) = P 8/0_ (1) W (1) = 8/V—(ht1);
end

>

The biorthogonal bases for the subspaces K™*1(A, v) and K™+ (AT w)
determine the matrices

X i+1)+1
Vm(i+1)+1 = ['007'01a--~7'vi7'v—17~'~7'U—m+17~~7vim»'u—m] eR"” m(i+1)+ )

Vin(i+1)+2 = [Vm(i+1)+17'uim+1] c Rnx(m(i+1)+2)7
Wm(i+1)+1 = ['lUO, Wi,y .., Wi, W1, ..., W41y, Wim, w—m]
} c R”X(m(i+1)+2)_

i+1)+1
ERnXm(H— )+ 7

Wintit1)+2 = [Win(i+1)+1 Wim+1
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_ Equations (3.2), (3.3), (3.4), and (3.5) can be used to construct the matrix
Hygig1)11 = [hyp] € RMEFDFDxmEEDHL gyeh that

TAVm(i+1)+1 = Vm(i+1)+2]%mjgi+1)+17
A" Wii+1)+1 = Wi+ +2Hp i 1)1

The leading submatrix Hy,¢;41)4+1 € RMEHDFDX(m4+1)+1) of I:Im(i+1)+1 satisfies

Hpir1y41 = an;(i+1)+1AVm(i+1)+1' (21)

This matrix is analogous to the matrix Ty, in the nonsymmetric Lanczos decomposi-
tion (2). It is pentadiagonal and its non-zero entries can be computed column-wise
for the columns (i + 1)k + 4, 0 <j <4, 0 < k <m — 1. We examine the columns
corresponding to different values of ;.

3.6.1 The case j =1

The columns of AV, (;41)+1 and ATWm(i_H)_H in this case correspond to Av_j
and ATw_j,, respectively. Equation (3.3) yields

Av_p = a_p ikVik + QO gV _k + Oik+1Vik41,

T
A" w_p = B ik Wik + Bk, — kW + Vikt1 Wik+t1-

Hence, the only nontrivial entries of the ((i + 1)k + 1)*® column of Hoyp(ig1)+1 are

h(i+1)k,(i+1)k+1 = Q—k,ik, h(z’+1)k+1,(i+1)k+1 =0k, —k>
hiv1ykt2,(i+ k1 = Oikt1-

3.6.2 The case j = 2

The columns of AV, (;11)42 and ATWm(HlHQ in this case correspond to Av;;1
and AT w1, respectively. Equation (3.4) gives

AVip i1 = Qikq1,ikVik T Qikt1,—kV—k T Qikg1,ik+1Vik+1 T Oikt2Vik42-
T
AT w1 = Bikg1,ikWik + Bik41,—kW—k + Bik41,ik+1Wik+1 + Vik42Wikt2-

It follows that the only nontrivial entries of the ((i+1)k42)*® column of Hopp(i41)+1
are

h(z’+1)k,(i+1)k+2 = Qik+1,ik> h(i+1)k+1,(i+1)k+2 = Qik+1,—k>
R 1) k42, (4 1) k42 = Qikt1,ik+1> R4 1) k43, (i+1)k+2 = Oik+2

where

Qiky1,—k = (AVjpq1, W_p)
= (Wirg1, ATw_y)

(Vikt15 Bk, ik Wik + B—k —kW_k + Vil 1Wik+1)

Yik+1-



Gauss—Laurent-type quadrature rules 13

3.6.3 The cases j = 3,4,...,1

The columns of AV}, (;11)+; and AT Win(i+1)+; in these cases correspond to Av;p ;1
and AT'wikH_l, respectively. Equation (3.5) yields
AVjlqj—1 = Qikgj—1,ik+j—2Vik4j—2 T Uikt j—1,ik+j—1Vik+j—1 T OiktjVik+s>
AT'wik+j71 = Bik+j—1,ik+j—2Wik+j—2 F Biktj—1,ik+j—1Wik+j—1 T Vikt+j Wik+j-
The only nontrivial entries of the ((i + 1)k + 5)*" columns, for j = 3,...,4, are

PG D)kt j—1, (i) k45 = Vik+i—1s P10 ks, (i+1) k45 = Qiktj—1,ik+j—15
R 1) k41, (1) k45 = Oiktj-

3.6.4 The case j =0

The ((i+1)k)*" columns of AVin(it1)41 and ATWm(i+1)+1 correspond to Awv;, and
AT w,},, respectively. The expressions for Av;; and AT w,;, can be obtained by multi-
plying the first and second equations in (3.2) by A and AT respectively, and making
the appropriate substitutions for Av_,y1,..., Av_p, and ATw i1, ATw_p.
Then, we simplify the resulting expressions using the facts that i) ;% 7 0 and ii)
'wz;CA_l'vr =0, r=-k+1,...,0,...,ik — 2. Hence,
Avig = hip1)k—1,6+D)EVik—1 T Rr)k, i+ )RV +
Rt 1)k41, G+ DRV —k + R )R, (04 1)k Vik 41
ATwy, = hip1)k—1,6+1)kWik—1 T P 1)k, (i 1)k Wik +

Rit1)k+1,6+ 1)k W—k T h(ir1)k+2,(i4+1)kVik+15

where
heiyik—1,6+1)k = Yik>

—0_ g,k

htnk+1,64 00k = — e
_ —06—kOikt1
hGirDk+2,64 10k =

The diagonal element is given by
1= Gik,ik—10ik — Q—g ik0—k
Cik,ik

hr1yk, (v )k =

Example 3.1. Let m = 3 and ¢ = 3. Then the matrix Hi3 is of the form

000 71 0 O 0 0 0 0 0
01 a1 2 O 0 0 0 0 0
2 22 73 0 0 0 0 0
03 haa a—13 asz 0 O 0

0 h5,4 a—1,—-1 74 0 0 0
0

0

he,4 4 o444 7v5 O

OO0 OOOOO
OO0 DODOOoOO

0 0 0 Jd9 hizi2 a-39
0 0 0 0 hizi2 a—3,-3]

coococOoOoOCOoOOOO
coococococococooy
coocococococo
cocococooo
coocococoof

0
0
0 0 0 0 58 ag .8 Y9
0
0
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Let G(it1)41 € ROPEHDHDX(mE+D+D) denote the projection of A~ onto
KmHLim+l (4 g) to KMTLIm+L(AT 4)) that is
T —
Gmit1)+1 = Wingig1)+14 Wongis1y41- (22)
The matrix Gy, (i1+1)41 is a rank-one modification of Hr;%i+1)+1 and banded. Its
non-vanishing entries form (: 4+ 2) x (i 4 2) blocks along the diagonal such that any
two consecutive blocks overlap in one diagonal element; see [16] for a proof of this

structure in the case when A is symmetric. This proof carries over to the present
situation with obvious modifications.

4 Application to rational Gauss quadrature

This section discusses Gauss—Laurent quadrature rules for the approximation of
functionals (1) based on quantities computed by Algorithm 1. Rational Gauss rules
were first considered by Gonchar and Lépez Lagomasino [11], and have subsequently
received considerable attention; see, e.g., Gautschi [9, Section 3.1.4] as well as [6,
25] for discussions and references. An application of Gauss—Laurent rules to the
computation of upper and lower bounds for certain symmetric matrix functionals
is described in [15,16]. We consider the case i > 1 in (3).

Application of 7 = m(i + 1) steps of Algorithm 1 to the matrix A with initial
vector v and w, such that v7w = 1, yields the decompositions

AVr = VeHy + (hrg1,00—m + hrio,r0im i1 )er, (23)
AW = VeGr + v mlgrit,r—i€r—ise o Grilr—1€r—1,grt1rer],  (24)
ATWr = WeHE 4 (hr s 1w + B y2win 1) er (25)

A Twr =w,at + W_m[gr—ir+1€r—i,- - Gr—1r41€r—1,9rrr1€r]’,

where the columns of V;, W, € R™*™(*1) form biorthogonal bases for K™ +1( A, v)
and K™+ (AT w), respectively. The matrices Hr, G, € RMEHDXmG+) geper.
ally are nonsymmetric and the matrix H, is pentadiagonal. The following example
illustrates the structure of these matrices.

Example 4.1. The matrices Hr and G in the decompositions (4) and (4) for
i =3, m =3, and 7 = 12 may have nonvanishing entries in the positions marked
by “x”:

* % T EEE
* ok % T EEE
* ok ok * ok ok %k
* k% % S EEE
* k% * ok x k ok ok Kk k%
' EEE T EEE
Hio = =
12 * % % ’ G2 * ok % % ok
* ok kK * ok ok kK
* k% * ok %k kX Kk ok
* ok % % * k% %
* k% * ok % %
L * % L * ok ok k|
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We would like to establish that
w’ f(A)w = el f(Hr)er Vf € Loam—2,2im+1, (26)

where A € R"*™ is nonsingular and w,v € R" satisfy w’ v = 1. The right-hand
side expression is a Gauss—Laurent quadrature rule for the approximation of the
left-hand side. The quadrature rule on the right-hand side has 7 nodes, which are
the eigenvalues of Hr. In order to show (4), we first need some auxiliary results on
the properties of the matrices Hr and Gr. Analogous results for different spaces
of Laurent polynomials have been shown by Schweitzer [28]. Related results for
symmetric matrices can be found in [16].

Lemma 1 Let A € R™™ be positive or negative real, let w,v € R"™ satisfy w v =1,
and let the matrices Hr and G be defined by (3.6) and (3.6.4), respectively, with the
matrices Vr, Wr computed by Algorithm 1. Assume that 7 :=m(i+ 1) > 1. Then
wlp(A)v = el p(Hy)e, p € Pojmat, (27)
'qu(A_l)'v = e?q(G-r)q7 q € Pop_1. (28)
Proof We first show (1) and note that it suffices to prove (1) for monomials p(z) = 27,
j=0,1,...,2ém + 1. For j = 1, we obtain from (4), using V-e; = v, that
Av = AV;e1 = V:Hreq,

where the second term vanishes because el'e; = 0. For increasing values of j, we

obtain ‘ 4 ‘ ‘
Alv=A"V,ey =V, Hlel + zTeIHﬁ_lel, (29)

where
Zr = h‘r—&—l,‘rvfm + h7+2,‘r'vim+1-

Due to the structure of Hr, the second term on the right-hand side of (4) vanishes,
and for j < im we get

Alv=V,Hle;, j=0,1,... im. (30)
Similarly, from (4) we have
ATy w =W, (H Y ey,  j=0,1,...,im. (31)
Combining (4) and (4) gives
wTAQierl,U _ ((AT)imw)TA(Aimv)
= (Wr(HE)Y™e)T A(V-H™ey)

= e?H?lm"_lel.

The same conclusion can be drawn for lower powers of A. This shows (1). We can
prove (1) in the same manner. [

Next we will show a relation between positive powers of G, and negative powers
of Hr.
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Lemma 2 Let the assumptions of Lemma 1 be satisfied, and suppose that Hr is non-
singular. Then

elp(Grler = elp(H: er,  p€Pams. (32)
Proof Multiplying (4) by W A from the left, we get
_ T T
I=H:Gr +W; Avfm[gﬂr—&-l,r—i&r—i’ ey gr4+l,7—1€r—1,9r4+1,7€71

This implies that
H:Gre1 = eq.

We obtain by induction that
YWarl _ 1 T T\ ~j—1
H:Gre1 = Hx (I - Wr A'U—Tn[gTJrl,T—ieT—i: s 797""1,7’87'] )GT el

for j =0,1,...,m — 1. Observing that only the first (2j — 2) + i entries of G2 e,
may be nonzero, the above equation gives

HiGley, = HI 'Gi tey=er, j=0,1,...,m—1.
Multiplying by H;? from the left shows that
Gley =H;%e;, j=0,1,...,m—1. (33)

Similarly, we obtain

(GTY er = (HD) Yer, j=0,1,...,m—1. (34)
Using (4) and (4) together gives

el G2 2e) = T H- M D,
A similar argument holds for lower powers of Gr. This shows (2). O
We are now in a position to show that (4) holds.

Theorem 1 The right-hand side of (4) is a Gauss—Laurent quadrature rule for the
expression on the left-hand side.

Proof Let f € Lom—22im+1- Then f(A) = p(A) + q(A™!) for some polynomials
p € Pojmy1 and g € Poy—2. We obtain from Lemma 1 that

w' f(A)v = w' p(A)v +w' q(A™)v = el p(H-)e1 + el q(Gr)er.
Applying Lemma 2 gives
wl f(A)v = el p(H:)e1 + el q(H: )er = el f(H:)er.

This shows (4). O
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It is shown in [16] that for suitable integrands, appropriate pairs of Gauss—
Laurent and Gauss—Laurent—Radau quadrature rules can be applied to determine
upper and lower bounds for the functional (1) when the matrix A is symmetric.
However, this approach is not guaranteed to furnish upper and lower bounds when
the matrix A is nonsymmetric. We will show that in this situation, estimates of
error bounds can be determined by evaluating appropriate pairs of Gauss—Laurent
and anti-Gauss—Laurent quadrature rules.

Laurie [19] introduced the (standard) (m + 1)-point anti-Gauss quadrature rule
that gives an error of the same magnitude and of opposite sign as the (standard)
m-point Gauss quadrature rule. The evaluation of the (standard) (m + 1)-point
anti-Gauss quadrature rule requires the computation of m+1 steps of the (standard)
Lanczos process; see, e.g., [1,2,5] for details. We will show that anti-Gauss—Laurent
rules can be computed in an analogous fashion.

Let
T+1

Gri1f = Z ) ;7
i=1

be the (7 4+ 1)-point anti-Gauss—Laurent rule associated with the Gauss—Laurent
rule G, f for the measure dw in (1). This anti-Gauss-Laurent rule is determined by
the requirement that

(Z—Gri1)f =—(Z~Gr)f  VfE€Lom22im+3s (35)
where G- f is characterized by
G-f=1f Vf € Lom—2,2im+1- (36)

Relation (4) shows that G,41 is the (7 + 1)-point Gauss-Laurent rule for the
functional

Jf = (21— Gr)f.
Introduce, analogously to (3.1) and (3.1), the vectors
’INJJ' = &j(A)’U, A m .
N ~ =—-m+1,-m+2,....,im+1,
;= (4w,

where qgj and @j are two families of biorthogonal Laurent polynomials with respect
to the bilinear form

{p,q} :== T (pa),
ie., {qglgzzj} =0 for all 7 # j and {dNJj,l/N)j} =1 for all j. The biorthogonal bases
Vg1 = [@];Zf:nﬂ e R™OHY and W,y = [fuj]ygf:n“ e R for the

extended Krylov subspaces K™ *2(A, v) and K™ *2(AT w), respectively, with
9o = v and wo = w satisfy the decompositions

~ 5 5 - T
AVigr = VepiHrpr + hrg2 r110imy2€7 41,

T3 ~ 5T 5 _ T
A Wrp1 = Wepn Hr 1 + hr g1 r42Wim4-2€7 41,

where 7 = m(i+1) and the matrix Hy41 = [h; ;] € RUTD*TH ig 4 nonsymmetric
and pentadiagonal. It follows from (4) and (4) that

{9, 0} = [, 0] = Z(o0), Vo € Lom—2,2im+1-
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These equalities show that

hj k= hj s G k=1,2,...,1

Therefore, qij = ¢; and 1@- =gjforj=-m+1,-m+2, ... im.
It follows from the structure of H, and relations (4) and (4), in view of (3.1)
and (3.1), that the Laurent polynomials

(ZET(Z) = h'r+1,7'¢—m(z) + h'r+2,7'¢im+1(z)a
Vr(2) = hrrp1¥-m(2) + hrri2¥im41(2),
for : =1 can be computed with four-term recursion formulas
6r(2) = (2 = hrir)$im(2) = hr—1,r¢—m+1(2) = hr—2,rdim—1(2),
1/)7—(2:) = (Z - th”')wim(Z) - hr,771¢7m+1(2’) - hT,T*Qwim—l(z)v
which can be written as
QZT(Z) = (Z - ITLT,T)&im(Z) - ET—l,T(Z;—m+1(Z) - il‘r—Q,Tﬁgimfl(Z)»
1/]7(2) = (Z - h‘rﬂ')wim(z) - hT,T—1¢—m+1(Z) - hT,T—Q"/]Z—Tnfl('Z)'
Fori>1, gzUST and 157 can be determined with three-term recursion formulas
(2;7'(2) = (Z - h'r,'r)ﬁbim(z) - hrfl,'rqﬁim—l(z)a
’l/)r(Z) = (Z - hT,T)¢i7n(Z) - h'r,‘r—lwim—l(z)7
which can be expressed as
(ZT(Z) = (Z - BT,T)éim(Z) - iLT—l,T(Z;imfl(ZL
wT(Z) = (Z - hT,T)wim(z) - hT,T*lwimfl(z)'

For all ¢ > 1, we can determine Laurent polynomials 57_,_1 and 1/774.1 € Lon—1,im+2
that are biorthogonal to L;,—1 im+1 With three-term recursion formulas

QET+1(Z) =(z—a)
1[)-,—.;,.1(2) =(z—a)

du"r (Z) - ’~YT¢im(2)7
wr(z) - 6Twim(2)7
where
ST’?T - {577 1;2;7'} - 21((57'12;7') - gT((J;T'KZ;T) - ZI(QZTQZT) - 2[57‘7 TZ)T] - 257”77’-
We may choose 6 = V28, and ¥ = v2v,. It follows that the~n0nsymmetric
pentadiagonal matrix associated with the anti-Gauss—Laurent rule G- is given by

= [ Hr V2yr (T+1)X (7+1)
HT+1_|:\/§57_ a :|€R ’

where the last diagonal coefficient can be determined from o = (Z(Zv37—7 1/77) Fori>1,
this coefficient can be evaluated by carrying out one additional “standard step” of
Algorithm 1 that uses the three-term recurrence relation, i.e., we evaluate

T = A'Uim - h’r,‘rvim — YimVim—1;
AT .
s =A Wim — h‘r,‘rwim - 6im'wim—1’
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and then compute
T 11/2 T
dim+1 := |r” s] / 5 Yim41 =T S/(sierl; Vim+1 = r/5im+1§ Wim+1 ‘= 3/7im+1-
Finally,
T
hri1r41 = Q= Wi 11 AVimy1;

Analogously to formula (4), the anti-Gauss—Laurent quadrature rule can be
evaluated according to

Grirf =i f(Hrs1)er Vf € Loam—2,2im+3-

We are now in a position to provide sufficient conditions for G, f and G411 f to
bracket Zf. Assume that we can carry out n steps of Algorithm 1 without breakdown.
This yields biorthogonal bases {v; }?:_01 and {w; }?;& of R" and associated sequences
of Laurent polynomials {¢j,¢j}?:_01 defined by (3.1) and (3.1) that satisfy (2).

Theorem 2 Let A\(A) denote the spectrum of the matriz A. Consider the expansion
of the integrand

f(z) = Z_: pidi(z), z€ A(A), (37)
j=0

in terms of the Laurent polynomials ¢;, and assume that the coefficients p; in (2) are
such that

2im~+3 n—1 n—1
Z 1;Gréj| > max Z w;iGrojl, Z wiGrv10j| o - (38)
J=2im+2 j=2im+4 Jj=2im+4

Then the quadrature rules G- f and Q~T+1f bracket Zf.

Proof Since
Zf = pnoZeo, Ig; =0 Vj>0

we have, in view of (4) and (4), that

n—1 2im+1 n—1
Grf = wiGrdj= Y niGroj+ > 19:6; (39)
j=0 3=0 j=2im-+2
n—1
=TIf + p2im+29rP2im+2 + H2im+39rd2imy3 + Z wiGro;.
j=2im-+4
n—1 2tm+3 n—1
Gri1f = Z HiGr+195 = Z i (22 — Gr)p; + Z 1iGri10; (40)
§=0 §=0 j=2im-+4
n—1
=T1If — w2im+29rP2im+2 — H2im+39r P2im+3 + Z HiGr+19;-
j=2im-+4

combining (4) and (4) shows (2). O
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Theorem 2 shows that if the coefficients u; decay sufficiently rapidly with
increasing j, then rational Gauss and anti-Gauss rules provide quadrature errors
that are of opposite sign and of roughly the same magnitude. The following example
illustrates the structure of the matrix fIT+1 for the cases 1 =1, 2, 3.

Example 4.2. The matrix Hr1 may have nonvanishing entries in the positions

marked by “«” below. For instance, we have

*
* % ok
* %k
H; = *ok ok kK for i=1,m=3,7=6,
X % %
* % ok
*
*
* % ok
H; = * kX for i=2,m=2,7=6,
* % ok
*
and
ek -
* % %
* %
K ok ok ok
* ok Kk
_ % ok ok %
Hiz = * ok ok for i=3,m=3,7=12.
* ok kK
* ok K
K ok ok Kk
* %k
* %
* %

5 Computed examples

In this section, we illustrate the performance of the Gauss—Laurent and associated
anti-Gauss—Laurent rules when applied to several functionals (1). All computations
were carried out using MATLAB R2017b on a 64-bit MacBook Pro personal
computer with about 15 significant decimal digits.

The purpose of these examples is to compare the performance of the standard
Gauss and Gauss—Laurent rules for the case i = 3. The last example illustrates
the performance of these quadrature rules for ¢ = 1,2, and 3. Also, we show that
pairs of Gauss—Laurent and anti-Gauss—Laurent quadrature rules provide upper
and lower bounds for certain functionals (1). We compare the approximations
obtained by the quadrature rules and the values computed by explicitly evaluating
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the functional (1). We choose 7 = 0 mod 4 and 7 = 0 mod 3 to ensure that the
matrix Hr defined by (4) is of the appropriate dimensions for i = 1,2, 3. The table
column headings el f(T)ey, el f(H)e1, and el f(H)e; refer to standard Gauss,
Gauss—Laurent, and anti-Gauss—Laurent quadrature rules, respectively.

15

10

Fig. 1 Example 5.1: Spectrum of matrix A in C. The eigenvalues are marked by “o0”. The
horizontal axis shows the real parts of the eigenvalues, the vertical axis the imaginary parts.

Example 5.1. We would like to determine approximations of the functional
F(A) := w” exp(—A)A_1/2'v,

where A € R200%200 j5 3 real nonsymmetric Toeplitz matrix with first row and
column [1,1/2,...,1/200] and [1,1,...,1]7, respectively. The vectors v and w
have normally distributed random entries with zero mean and are scaled so that
w’ v = 1. Figure 1 shows the eigenvalues of A. The eigenvalue of largest magnitude
is real-valued and about 45.8; the eigenvalues with the largest imaginary parts (in
magnitude) are approximately 17.8 4- 16.8i, where i = v/—1 is the imaginary unit.
The eigenvalue of smallest magnitude is real and about 0.195.

We evaluate (1) as w” exp(—A)A~ 2w, where the vector A~/ is calculated

by first computing the matrix square root and then solving a linear system of
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equations. The exact value of F(A) is approximately 0.9990. We report this value
to allow a reader to estimate the relative approximation error from Table 1.
The Gauss—Laurent rule is evaluated as

el exp(fHT)Giﬂel,

where G1/2e1 is the first column of the inverse of the square root of the matrix
H. It is determined by first computing the matrix square root and then solving
a linear system of equations. The exponential is computed with the MATLAB
function expm. The standard Gauss rule

el exp(—TT)TT_l/2e1
is determined by first computing the inverse of the square root of the matrix T’
and then solving a linear system of equations for the vector T 1/ Zeq.

Columns 2 and 3 of Table 1 display the errors in approximations determined
by standard Gauss and Gauss—Laurent rules for ¢ = 3. We observe that the Gauss—
Laurent rules yield higher accuracy than the standard Gauss rules when using the
same number, 7, of quadrature nodes. Columns 3 and 4 of Table 1 show the errors
in approximations obtained by Gauss—Laurent and associated anti-Gauss—Laurent
rules to have opposite sign and to be of about the same magnitude for each value
of 7. Therefore, the average rules

%(e{f(Hi:S)el +ef f(Hi—3)er) (41)

for the different 7-values determine more accurate approximations of F(A) than the
corresponding Gauss—Laurent rules. In applications, we use pairs of Gauss—Laurent
and associated anti-Gauss—Laurent rules to determine estimates of upper and lower
bounds for the functional F(A), and use the averages rule as an approximation of
F(A). O

| eTf(Mer | el f(Hi—s)er | el f(Hi—3)es

12 [ 1.08-10°1T 9.69 - 10— % —8.69-107
16 | 3.15-10"2 2.69-10-° —2.26-10~5
20 | 8.80-103 1.28.10°6 —1.48.10-6

Table 1 Example 5.1: Errors for computed approximations of F(A) = w7 exp(—A)A~1/2v
with A a nonsymmetric Toeplitz matrix.

Example 5.2. This example determines approximations of the functional
F(A) := w” In(A)w,

with A the same matrix as in Example 5.1. We let v = [1,1,..., 1]T e R2% and
w = [1/200,1/200,...,1/200]7 € R?°° so that w! v = 1. The exact value of F(A)
is approximately 2.924 - 1074, Columns 2 and 3 of Table 2 show the difference
between the exact value and the approximations determined by the standard Gauss
and Gauss—Laurent rules for ¢ = 3 and the same number of nodes, 7. It can be seen
that the quadrature error for the Gauss—Laurent rules is the smallest for all values
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of 7. Column 4 of Table 2 displays the errors achieved with the anti-Gauss—Laurent
rules. We observe that the errors of these quadrature rules are of opposite sign
and of about the same magnitude as the error in the corresponding Gauss—Laurent
rules. Similarly as above, this indicates that the average rules (5) are more accurate
than the corresponding Gauss—Laurent and anti-Gauss—Laurent rules. [

T ‘ er{f(T)el

el f(Hi—s)e1 | el f(Hi=s)e

8 | —1.10-1073 | —1.78-10"? 1.75-10~°
12 | —9.71-1075 | —4.61-10"8 4.36-10~8
16 | —7.58-1076 | —1.19.10-10 1.14 - 1010

Table 2 Example 5.2: Errors for computed approximations of F(A) = wT In(A)v with A a
nonsymmetric Toeplitz matrix.

Example 5.3. In this example, we approximate the value
F(A) == wl A7 2,
where A € R1000%1000 g the nonsymmetric tridiagonal Toeplitz matrix [—1,2,1].
The vectors v and w have normally distributed random entries with zero mean;
they are scaled so that w” v = 1. The eigenvalues of A all have real part 2 and
their imaginary parts are zeros of a Chebyshev polynomial of the first kind of
degree 1000 for the interval [—2,2]. The exact value F'(A) is approximately 0.6201.
Columns 2 and 3 of Table 3 display the errors in approximations obtained by the
standard Gauss and Gauss—Laurent rules for ; = 3. We find that Gauss—Laurent
rules give significantly smaller approximations errors than the standard Gauss rules.
Columns 4 of Table 3 shows the Gauss—Laurent and anti-Gauss—Laurent rules to

bracket the exact value. This implies that the average (5) will be quite accurate.
O

T | elf(Mer | el f(Hizs)er | el f(His)ex
8 [ 1.22-1077 3.17-10-10 —3.13-10"10
12 | 9.41-10~11 1.22-10~15 —1.99-10715

Table 3 Example 5.3: Errors for computed approximations of F(A) = wT A=1/2y with A a
nonsymmetric tridiagonal Toeplitz matrix.

Example 5.4. In this example, we determine approximations of the functional
F(A) :=w! (A° + A= %),

where A e R1000%1000 j5 the same matrix as in Example 5.3, v = [1,1,...,1]7, and
w = [1,0,...,0]. Thus, w?v = 1. The value of F(A) is approximately 7.340 - 10'.
Columns 2 and 3 of Table 4 display the errors in approximations determine by
the standard Gauss and Gauss—Laurent rules for ¢ = 3. Column 4 of Table 4
shows the approximations determine anti-Gauss-Laurent rules and illustrates that
Gauss—Laurent and anti-Gauss—Laurent rules bracket the exact value. [
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T ‘ e{f(T)el ‘ e?f(Hi:,g)el ‘ ele(Hi:g,)el
8 | 1.60-107° 5.77-10~7 —5.77-10"7
12 | 8.75-10~8 1.08-10—11 —1.09-10"11

Table 4 Example 5.4: Errors for computed approximations of F(A) = w” (A% + A=%)v with
A a nonsymmetric tridiagonal Toeplitz matrix.

Example 5.5. In our last example, we approximate the value
F(A) := w” In(A)w,

where v = [1,1,...,1]7, w = [1,0,...,0]7, and the matrix A is obtained by discretiz-
ing the differential operator —A+ p; % ~+ p2 8% Here A denotes the two-dimensional
Laplacian, which is discretized on the unit square by the standard 5-point stencil
on a uniform mesh with grid size h = J . The discretization error is O(h?) as
h \( 0. The partial first derivatives are discretized by the standard symmetric
2-point stencil with discretization error O(h?). Dirichlet boundary conditions are
imposed. The coefficients p; are defined below. This gives a nonsymmetric matrix

A € R1600X1600 that can be represented as follows
A= ! I C C L
= —ﬁ(40® 1+ C2 ® Iso),

R4O x40

where I4o € is the identity matrix and

[ -2 1-p2 0 0
1+pi% -2 1-p% 0
Ci_ 0 ... ... ... O 6R40X40.

: T+p% -2 1-pk
0 0 1+pl2 -2

see, e.g., [22,28]. The convection coefficients p; are chosen such that the Péclet
numbers Pe; = p;h are equal to Pe; = 0.2 and Pez = 0.1, respectively. All
eigenvalues of A are real and positive; the extreme eigenvalues are A; = 1.04 - 102
and A1go0 = 1.33 - 10%.

Table 5 displays the difference between the exact value, F(A) ~ 8.019, and some
approximations determined by the standard Gauss and Gauss—Laurent quadrature
rules for ¢ = 1,2,3. Since 7 = m(i + 1), only certain combinations of i and m
give quadrature rules with 7 nodes. The entrries ’—’ mark combinations of m
and ¢ that do not correspond to quadrature rules with 7 nodes. We note that
Gauss—Laurent rules give the most accurate approximations of F(A). Furthermore,
the results achieved with Gauss—Laurent rules are fairly insensitive to the choice
of 4 > 1. Therefore, it might be beneficial to use a value of i larger than one and
in this manner reduce the computational cost. The Tables 6, 7, and 8 show the
Gauss—Laurent and associated anti-Gauss—Laurent quadrature rules to give errors
of about the same magnitude and of opposite sign. [
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T | eTf(Mer | eff(Hiz1)er | el f(Hi—z)er | ef f(Hi—3)e1

6 | —3.40-10"3 — —4.47-1071 —
8 | —1.10-1073 | —1.84-10"° — —9.11-107°
12 | =1.56-10% | —9.59-.10"8 —3.40-10"7 —1.08-10-6
15 | —4.16-105 - —8.66 - 109 —
16 | —2.72-10~° | —3.50-10~10 — —1.33-10"8

Table 5 Example 5.5: Errors for computed approximations of F(A) = w” In(A)v fori=1,2,3
when A is a discretization of a differential operator.

| el f(Hiz1)er | el f(Hi—1)ex
8 | —1.84-10°° 1.82-10~°
12 | —9.59-10~8 9.55 1078
16 | —3.50-10~10 3.49 10710

Table 6 Example 5.5: Errors for computed approximations of F(A) = wT In(A)v for i = 1,
when A is a discretization of a differential operator.

T ‘ el f(Hi—2)e1 ‘ el f(Hi—2)e1
6 —4.47-10~% 4.42-107%
12 | —3.40-10"7 3.39-1077
15 | —8.66-10° 8.67-109

Table 7 Example 5.5: Errors for computed approximations of F(A) = wT In(A)v for i = 2,
when A is a discretization of a differential operator.

7 | el f(Hizs)er | eF f(Hi—3)e

8 —9.11-10~° 9.06 - 10~°
12 | —1.08-10"¢ 1.08 106
16 | —1.33-10"8 1.34.10°8

Table 8 Example 5.5: Errors for computed approximations of F(A) = w” In(A)v for i = 3,
when A is a discretization of a differential operator.

6 Conclusion

It is known that Gauss—Laurent quadrature rules associated with a real nonnegative
measure with support on the real axis are determined by symmetric pentadiagonal
matrices. This paper extends the methods described in [16] to complex-valued
measures with support in the complex plane. We investigate the structure of the
matrices for Gauss—Laurent and associated anti-Gauss—Laurent quadrature rules
and discuss properties of these quadrature rules. Computed examples show that
Gauss—Laurent rules may give higher accuracy than standard Gauss rules with
the same number of nodes. Moreover, they illustrate that pairs of Gauss—Laurent
and anti-Gauss—Laurent rules provide upper and lower bounds for certain matrix
functionals.
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