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Abstract. Rational Krylov subspaces have become a reference tool in dimension reduction pro-
cedures for several application problems. When data matrices are symmetric, a short-term recurrence
can be used to generate an associated orthonormal basis. In the past this procedure was abandoned
because it requires twice the number of linear system solves per iteration compared with the classical
long-term method. We propose an implementation that allows one to obtain the rational subspace
reduced matrices at lower overall computational costs than proposed in the literature by also con-
veniently combining the two system solves. Several applications are discussed where the short-term
recurrence feature can be exploited to avoid storing the whole orthonormal basis. We illustrate the
advantages of the proposed procedure with several examples.
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1. Introduction. Given a symmetric matrix A € R™*™ and a unit norm vector
v € R™, we are interested in analyzing the algebraic recurrence that generates the
rational Krylov subspace

(1.1) Ko (A, v, &) =span{ v, (I — &A™ H (I-=¢& LA~ ,

and in the applicability of the computed quantities; here &, = [£1,...,&n—1] with
& # 0 are such that I — &' A is nonsingular for 4 = 1,...,m — 1. In the considered
applications A is definite (either positive or negative), for which strong theoretical
arguments for the selection of the &; have been discussed; see [23, 34] and references
therein. In our context, the corresponding theoretical setting suggests that the eigen-
values of A and & have opposite signs, a hypothesis that we will assume throughout.
By relying on efficient sparse solvers for linear systems, rational Krylov subspaces
have become a major tool in a variety of application problems, including eigenvalue
approximation, dynamical system reduction, matrix equation solution, and matrix
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function and bilinear form evaluations [6, 21, 22, 28, 32, 33, 51]. An orthonormal
basis {q1,...,qm} for K,,(4,v,&,,) can be determined by using the Gram—Schmidt
procedure as ¢; = v and

. _1 1 .
G ==&1A) 4 hjpigin = 4 — Qjhy,

where h; = Qquj+1, Q; =lq1,-..,4q5], and hji1 ; is the normalization factor for g;j41
for j = 1,...,m [51, eq. (4.15)]. This can be viewed as a rational variant of the
Arnoldi iteration. The parameters (or shifts) &, = [&1,...,&m—1] can be computed
a priori or determined adaptively as the space grows. The vector h; contains the
orthogonalization coefficients so that @J; has orthonormal columns for j =1,...,m.

For A symmetric, in [18] a short-term recurrence was introduced to generate an
orthonormal basis of rational functions associated with KC,, (4, v, &,,), from which a
short-term recurrence can be derived for the basis {q1,...,¢m} [33].

The short-term recurrence yielding an orthonormal basis of the polynomial Krylov
subspace generated by a symmetric A was introduced by Lanczos [40], and it is thus
referred to as the Lanczos iteration. This recurrence allows one to store a few n-
dimensional vectors, leading to major savings in various approximation problems
where the whole basis is otherwise not needed. Thanks to the work in [18, 33],
similar advantages can be envisioned in the rational case. Giittel in [33, p. 46] says:

“Note that in each iteration of Algorithm 2 two linear systems with
I — A/¢; need to be solved [...]. Hence, this algorithm is in general
not competitive with the rational Arnoldi algorithm if the poles ¢;
vary often. Moreover, we will make explicit use of the orthogonal-
ity of the rational Krylov basis V,,,11 when computing Rayleigh—Ritz
approximations for f(A)b (see Chapter 6). In this case full orthogo-
nalization of V,;, 11 is required anyway and one cannot take advantage
of the short recurrence.”
In spite of the elegant derivation, these considerations led Giittel to discard the short-
term iteration in his application setting.

We claim that in spite of the extra cost per iteration, the rational short-term
recurrence does provide an appealing framework for a variety of approximation prob-
lems. Our contribution is two-fold. First, we propose a new implementation of the
short-term recurrence that (i) alleviates the computational costs associated with the
two solves by combining them into a single linear system solve with multiple right-
hand sides; (ii) derives the entries of the reduced matrix J,, := QL AQ,, as the
iterations proceed, without using ), or explicitly solving m x m linear systems. Sec-
ond, we illustrate the advantages of the obtained implementation in the numerical
treatment of several application problems that do not require the whole basis ma-
trix Qm = [q1,-.-,qm]; these include the approximation of quadratic and bilinear
forms in general, and quantities of interest in control, such as the estimation of the
Ho-norm of (parametric) linear time-invariant systems and of the optimal feedback
control function.We will refer to this implementation as the @,,-less computation.

We also start a discussion on the behavior of the obtained recurrence in finite
precision arithmetic. Our matrix relations and experimental evidence seem to suggest
that the short-term iteration is affected by round-off error accumulations similar to
those of the classical Lanczos method. A deeper analysis of this crucial aspect deserves
dedicated research, which will be postponed until future work.

The synopsis of this paper is as follows. In section 2 we revisit the rational Lanc-
zos iteration. An efficient, basis-free procedure to compute the matrix .J,, = QT AQ,,
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is derived in section 2.1, while in section 2.2 the novel implementation of the rational
Lanczos method is illustrated. A panel of applications where the rational Lanczos
method can be successfully employed is presented in section 3. These include nu-
merical approximations of quadratic and bilinear forms (section 3.1), matrix function
trace estimation (section 3.2), Hg-norm computation for linear time-invariant (LTT)
systems (section 3.3), and linear-quadratic regulator (LQR) feedback control approx-
imations (section 3.4). In section 4 some preliminary remarks on the behavior of the
rational Lanczos method in finite precision arithmetic are reported. Our conclusions
are given in section 5, while in the appendix the block rational Lanczos algorithm is
given.

2. The short-term rational Krylov iteration. Based on the thorough analy-
sis of orthogonal rational functions in [13], the authors of [18, Thm. 4.2] developed
a three-term recurrence relation to generate a sequence of orthogonal rational func-
tions associated with the rational Krylov subspace (1.1); see also [18]. This elegant
construction was further developed in [33, section 5.2], leading to the following vector
recurrence for j > 1:

(2.1) B (I— fj_lA) g1 =Ag — oy (I - §j__11A) qj — Bj—1 (I — fj__lgA) qj—-1,

where, with the usual convention that 1/c0 =0, £_;1 := 00, & := 00, By =0, ¢o = 0,
and ¢; = v/||v||. By setting

ri= (I_gilA)_l(qu'i‘ﬁjflf;_leijl)_ijl(ijla 5= (I—fflA)_l(I—ﬁf_llA)Qj,

the coefficients «; and 3; are computed as «; = (rTq;)/(sTq;) and 8; = ||r — ays].
A simple rearrangement of the terms leads to the following more compact notation:

Bji-1
o5i2 Bj-1
Algj-1, 45,041 |55 T =lg-1.q, 4+ | o |,
: 5
J

which, after m iterations, gives the Arnoldi-like relation
(22)  AQuiK,, =QunH,,, with K, =1, +D.'H, cRmxm

where I,,, is the (m + 1) x m identity matrix and D,,, = diag(&,...,&y). Hence

M1 0 ] _ _
B 14e2 B2 ar B
&1 &1 &1 B1 oz P2
B2 ag '
&2 I+ &2 B2 a3
K’rn: Bm—1 ’ E’m: .. ..
Em—2 . . Bmfl
Bin—1 14 Gm Bm—1 Qam
Em—1 m—1
Bm Bm
L 6771 i - -

The relation in (2.2) can also be written as
(2'3) AQme = QmHm + Bm (I - gn_@lA) Qm-i-legw

with K, and H,, the leading m x m upper parts of K,, and H,,, respectively. Here
and in the following, e; denotes the jth column of the identity matrix, whose dimen-
sion is clear from the context. Hence, we resume the standard form for the rational
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Krylov iteration [51]. This means that in exact arithmetic the rational Lanczos and
rational Arnoldi recurrences compute the same basis, provided the same set of shifts
is employed in the basis construction.

Thanks to the irreducibility of H,,, it follows from (2.3) that if the matrix K,
is singular, then [Qm, (I — &, A)qm1] is not full rank, which occurs if and only if
the subspace K, (A4, v, &) is A-invariant, i.e., A, (4,0, &) = Kin(A4,v,&,). In the
A-invariant case we have a lucky termination of the algorithm. Hereafter, we always
assume K,, to be invertible. As for the standard Lanczos procedure, the matrix
Jm = QL AQ,, represents the projection and restriction of A onto the range space of
Q. However, while in the (standard) Arnoldi process this matrix is tridiagonal, the
matrix J,, is generally full. A detailed analysis of the structure and decay properties
of the entries of J,, can be found in [49]; see also [50]. The matrix .J,, appears in
projection methods for solving problems such as linear and quadratic matrix equations
and matrix functions evaluations. Classical implementations of the rational Lanczos
recurrence rely on the whole matrix @.,,,. In the following we show that this can be
avoided, leading to memory savings in a variety of application problems.

2.1. On the computation of J; = Q}"AQJ-. In this section we derive a

recurrence for computing the small dimensional matrix J; = Q;‘»FAQ]- without using
Q; or explicitly solving small size linear systems with K; at each iteration j.
Setting J;41 = Q?_HAQ]'_H and multiplying (2.3) by Qﬁ_l from the left, we obtain

(2.4) JimK; = H;.

Considering the first j rows we can write J; K + wje? = H; with w; = Q]Tqu_H%,
J

that is, except for the last column, the matrix J;Kj is tridiagonal, and

(2.5) Ji=H;K;' —wjel K",

To get a @;-less computation of J; we need to obtain a different expression for w;.
Setting u = QJTquH and exploiting symmetry, from (2.4) we have

J; I B
(26) [UT Z] [ﬁj/ﬁjejTKjl} — K

with w; = uf;/&;. For the last row it holds that u’ = ejTHﬂjK;l - nﬁj/fjeerj*l,
which gives the sought-after expression for w;. Summarizing, at step j + 1 we can
completely define J; without storing the whole @);. In particular, its last column is
given by

Jje; :HjKjflej — wje]TKjflej
-1 —T 7T -T T 7-—1
=H;K;'ej — (K; " Hjejo1 — K; " enB;/&;) B /¢ e K 'e;
2
—1 -T 6 —
(2.7) =H;Kj e; — K; "ej (& —n) o5 (¢ K 'ej) .
J
The most expensive steps in (2.7) are the solution of the linear systems with K; and
K]T The tridiagonal structure of these matrices allows us to derive a recurrence for

the two solution vectors as the iterations proceed, making the overall computation
cheaper than explicitly solving the linear systems from scratch at each iteration j.
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LEMMA 2.1. With the previous notation, for j =1,...,m the solutions (y;,t;) to
the systems K;y = e; and KjTt = e; can be obtained via the following recurrences:

1 i . 1 . o _
(2.8) Yj = wj <6j - 2]21 [yjo 1]) , tj= ;J <6j - 2]11 {tjo 1D , J 22,

with y1 = 1 and t1 = 1, where w; € R is given by the following recursive formula:

2

(€3] (&%} j—1 .
2.9 wi=1 wy=—7+4+1, w;= +1-— , 7> 3.
(29) ! ? & T §i—1&j—o2wj—1 J

Proof. We focus on the computation of y; = K 'e;. The computation of ¢; =

K j_Tej is analogous. Under the assumption that K;(A4,v,§;) is not A-invariant, K;
is a nonsingular matrix for ¢ = 1,...,j. Hence the LU factorization K; = L;U; with

no pivoting exists, y; = U j_le_lej, and the factors are given by

1 w1 0
12 1 w2 B2 /51

Lj= 29 ERI, U;= SR € RIX,

Bi—1/&—2

;1 wj
Thanks to the structure of L;, z = Lj_lej = e;. To solve Uy = e; we first determine
the diagonal elements of U;. Direct computation gives the recursion in (2.9), that
is, the computation of w; only requires information available in the current subspace.
Moreover, if y;_1 € R~ is such that K;_1yj—1 = e;_1, the solution y; to U;y = ¢;
can be derived as in (2.8). Analogously, the solution ¢; to KjTt = e, is obtained as
in (2.8), where t;_; € R7-1 is such that Kijltj_l =ej_1. 1]

THEOREM 2.2. With the notation and results of Lemma 2.1, at the jth iteration
the last column (or row) of J; = QJTAQj is given by

B & —n
Jie; =7, — 22 t,
i€ = Yj 5]2 w;
where t; is defined as in Lemma 2.1 while y; :== H,y; satisfies
~ B
“Uig | Bim

ej—1 forj>1.

&5

. T .
5]—1%‘—1% + w;

gl:aly :l/jj:
J

Proof. By plugging the expressions of y; = Kj_lej and t; = K;Tej given in
Lemma 2.1 into (2.7), we get
52

B & —n
-1 =T T 7-—1
Jjej =H;Kj ej — K ej(§ —77)5% (e K 'ej) = Hyy; — 5% ij

J J

t;.

Using Lemma 2.1 and the tridiagonal structure of H; we can write y; = H,y; as

j—1

B

ﬂ- . —Hj_lyj—l & _ow;

— 2w
! Bj-1e] 1y + o

+

+

~  _Bi-1

5j716' _ yj—lfjizwj
J-1 B el R
j—1 j—lyj wj

Wi
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Algorithm 2.1. @,,-less rational Lanczos.

input : AeR”™ veR", meN, m>0,&,=1[,...,&n]
output: J,, € R™*™ gs.t. J,, = QL AQ,,, where Range(Q,,) = K,n(A,v,&,).

Set (/1\: U/HU”? 5—1 = OO&SO = 00750 =0,q=0

for j=1,...,mdo

Set ¥ = Aq — ijl(f — A/fjfg)q and § = (I — A/fj,l)a\
Solve (I — %jA)[r, s] =1r, 9]

TT
Compute o = —r

Q)

)

Set ¢ =1 — s
Set B; = llall, a=7, 7= q/B;
if j=1 then
LSetwlzylztlzlandﬂlzal
else
Set wj = /&1 +1—B7_1/(§-1&-2wj-1)

. ﬂjfl —t. /8171 _7. 61*1
Set Y = [ yjllgj—QwJ"| R t] = [ ‘7115.7'—1“".7‘|’ and ?/J\] = |JB fé;lfé’if]&
J—L%3-197 wj

wj wj

+ Bi—1 € 1

Wi

Compute n = qT A7

. B2 ¢.
i Set Ji.j; = Tj — 5—-;5-;1_"25]4 and Jj 1.5 = J1T:j,j

Theorem 2.2 also shows that by storing the low dimensional vectors y;_1, ¥j—1,
and t;_1, along with some additional scalar quantities, the allocation of the matrices
H; and Kj can be avoided.

The following proposition shows that the computation of K i 1ej and K i Tej in
Lemma 2.1 by means of the LU factorization is backward stable. This result ensures
that using Gaussian elimination does not introduce any instability in the update of
Jj in Theorem 2.2.

PROPOSITION 2.3. Assume that the elements o; and B; of the matriz K; are com-
puted exactly. Moreover, let the matrix A be symmetric positive (negative) definite,
and the shifts &; be negative (positive). If the unit roundoff is small enough, then the
solutions of the systems K;y = e; and Kft = e; computed by the recurrences (2.8)
and (2.9) are backward stable.

The proof is a direct consequence of the stability analysis in Proposition 4.6.

2.2. The Q,,-less procedure. The implementation of the proposed memory
saving method is summarized in Algorithm 2.1. Step 4 relies on the fact that solving a
single linear system with p right-hand sides is more efficient than sequentially solving
p systems with the same coefficient matrix. Indeed, assuming for instance, that a
sparse direct solver is used, the symbolic analysis phase and the factorization step
can be performed once for all the considered right-hand sides. The same gains might
be obtained in the sequential solution of the two systems if a very fine tuning of the
adopted linear solver is possible. Nevertheless, also in the latter scenario, the block
solution strategy is still advantageous thanks to a better computer handling of the
dense kernels involved in the solution process. Moreover, the coefficient factors need
to be accessed only once avoiding an increment in the storage requirements.
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In Algorithm 2.1 we suppose that the shifts are given. Alternatively, dynamic
shift computation strategies can be easily incorporated in the algorithm; see, e.g.,
[23, 24, 34] for different shift selection strategies. Since A is symmetric, all shifts can
be taken to be real.

Algorithm 2.1 should be equipped with a stopping criterion that must not involve
the whole basis @.,,,. Such a stopping criterion depends on the application of interest,
and different instances are discussed in section 3.

Remark 2.4. Algorithm 2.1 can be generalized by replacing the starting vector v
with a full column rank matrix V' € R"*P, p > 1. This generates the block rational
Krylov subspace KC,, (A, V, &,,) = range([V, (I—&7A) 71V, ... H;”:_ll(l—gj‘lA)*lv]).
In this construction, many of the scalar quantities involved in Algorithm 2.1 are re-
placed by p x p matrices. Also in this case, the matrix J,, = QF AQ,, € R™P*xm»
can still be computed Q,,-less at low computational cost. We include the correspond-
ing implementation as Algorithm A.l in the appendix. Analogously to the matrix
form (2.3), the recurrences in Algorithm A.1 can be written as

(2.10) AQum K = QuHon + (I — €31 A) Qg1 Bm EL,

where Qi1 € R™P, Q= [Q1,..., Qm] € R™™, K, H,, € R™ ™ are block
tridiagonal matrices with (p x p)-size blocks, £, € RP*P, and E,, = e,, ® I, € R™P*P,
We also have the block counterpart of (2.5), that is,

(211) J’m - H’"LK'rzl - WmETK_l WnL = (gm)_ngA@’m—i-lﬁ'm-

m m

3. Applications. In this section we illustrate the applicability of the @Q,,-less
rational Krylov algorithm to a variety of problems. All numerical results have been
obtained by running MATLAB R2017b [42] on a standard node' of the Linux cluster
mechthild hosted at the Max Planck Institute for Dynamics of Complex Technical
Systems in Magdeburg, Germany.

3.1. Quadratic and bilinear forms. Consider a function f defined on the
spectrum of the symmetric matrix A, and vectors u, v. The approximation of the
bilinear form u” f(A)v (or quadratic form for u = v) arises in many applications in-
cluding network analysis [25], regularization problems [26], electronic structure calcu-
lations [52], solution of PDEs [39], Gaussian processes [48], and many others [4, 9, 29].
Bilinear forms can also be used to estimate the trace of f(A); see section 3.2.

Given a large and sparse A, the use of (polynomial) Krylov subspace methods
for the approximation of u” f(A)wv is well established and grounded in a theoreti-
cal framework comprising orthogonal polynomials and Gauss quadrature [29]. Under
the assumptions that v = v and |[v|| = 1, the mth Lanczos iteration produces an
m X m tridiagonal matrix T, (known as the Jacobi matrix) giving the approxima-
tion vT f(A)v ~ e f(T,,)e1. Such an approximation relies on the so-called moment
matching property, that is, v A v = eI (T},)7e1, j = 0,...,2m — 1, or, equivalently,
vIp(A)v = ef'p(T,,)e; for every polynomial p(x) of degree at most 2m — 1. Such
a property is connected with the Gauss quadrature approximation for a Riemann—
Stieltjes integral determined by A and v; see, e.g., [29, 41].

An analogous result can be given for rational Krylov subspaces. Let Q.,, and J,,
be the matrices associated with the rational Krylov subspace K., (A,v,&,,). Given

LCPU: 2x Intel Xeon Skylake Silver 4110 @ 2.1 GHz, 8 cores per CPU. RAM: 192 GB DDR4
ECC. See also https://www.mpi-magdeburg.mpg.de/cluster /mechthild.
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q(x) = H;n:_ll(l —z/¢;) and a polynomial p = p(z) of degree at most m — 1, it holds
that

(31) p<A)Q(A)_1 V= Qmp(Jm)Q(Jm)_lel € ICm(A,U,ém);

see, e.g., [22, Lemma 3.1], [33, Lemma 4.6]. Left multiplication by Q,,QL A yields
QmQT Ap(A)g(A)~Yv = Qum Jim p(Jm)q(Jm) " Ler, and, hence, by linearity

(3-2) QmQumpm(A)a(A) ™ v = Qupm (Jm)a(Jm) ' e1

for every polynomial p,, of degree at most m. The following proposition extends
the moment matching property to the rational case by using ideas borrowed from
Vorobjev’s moment problem (see, e.g., [41, section 3.7.1]). The result can also be
obtained as an application of the results in [28, Thm. 2]. However, our approach
provides a short alternative proof that, to the best of our knowledge, has not yet
appeared in the literature.

PROPOSITION 3.1. With the previous notation for K,,(A,v,&m), Qm, and Jp,, let
q(x) = HJ 1 ( —x/&;). Then, for every polynomial p(x) of degree at most 2m — 1,

vTp(A)g(A) v = ef p(Jn)a(Jm) er.
Proof. For every p,,—1(z) of degree at most m — 1, (3.1) gives

UTpm—l(A)q(A)_l U= e,{pm—l(t]m)q(']m)_lel-

Consider a polynomial p,, of degree at most m. Given that (Q,,Q%)? = Q,,QY,

(3.2) becomes QumQ, (Qmpm(Jm)q(Jm)  er —pm(A)g(A)~ v) = 0, implying that
the vector Quupm(Jm)q(Jm) ter — pm(A)q(A)~1v is orthogonal to K, (A, v,&,).
Therefore, for any polynomial p,,_1(x) of degree at most m — 1 we get

UTpm—l(A)Q(A)71 (Qmpm(']m)Q(Jm)ilel - pm(A)Q(A)71 U) =0

(where we have used the symmetry of A), that is,

UTpmfl(A)q(A)_lQmpm(Jm)q(Jm)_lel = vamfl(A)pm(A)(q(A)_1)2 v.

This equality concludes the proof since by (3.1) it holds that vTp,, 1(A)q(A)~! =
e{pm—l(Jm)Q(Jm)71 3;1' 0

Proposition 3.1 holds for every orthogonalization process of a rational Krylov sub-
space, i.e., for every orthogonal basis. As a consequence, it is not related to short re-
currences. We also remark that similar properties have been derived in [50, Thm. 3.1]
for a different kind of rational Krylov subspaces. Extensions to the nonsymmetric
case have also been studied; see, e.g., [19, 28] among many others.

Thanks to Algorithm 2.1, we can compute the matrix J,,, by means of the @Q,,,-less
short-term recurrence rational method, that is, we can compute the approximation

(3.3) el f(Jm)er = vt f(A)w.

The approximation error can be characterized by adapting the results in [17] to our
case. Indeed, since A is symmetric we can interpret the bilinear form as a Riemann—
Stieltjes integral and the approximant (3.3) as a rational Gauss quadrature, that is,

v,/f (A %Zf el f(Jm)e,

j=1

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



Downloaded 10/25/22 to 176.200.80.10 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

SHORT-TERM RATIONAL LANCZOS A2851

where p(A) is a measure depending on the spectrum and the eigenvectors of A, and the
Aj’s, 0;’s are the eigenvalues and eigenvectors of J,,,, respectively (see the results in [29,
Chapter 7], which can be easily adapted to this rational case). In this framework, the
approximation (3.3) is a rational quadrature rule. Therefore, by [17, eq. (4)],
(34) el f(Jm)er —vT f(A)v] < 2lol* ~ min o (F(A) = p(A)a(A)7?) o],
deg(p)<2m—1

where we used the notation of Proposition 3.1 (cf. [33, Thm. 4.10] related to a similar
but different problem).

The block case can be treated analogously. Consider the n x p matrix V' and the
nxn symmetric matrix A. Then using Algorithm A.1 we get the block mp xmp matrix
Jm and, hence, by setting Ef = [Ip,0,...,0] € RP*™P we obtain the approximation

(3.5) ET f(Jn) By = VT F(A)V.

Algorithm 2.1 can also approximate a bilinear form u” f(A)v with u # v. We
describe various alternative strategies. The first one is to rewrite the problem as

1
ul f(A)v = 1 ((u+ )" f(A) (u+v) — (u—0v)" f(A)(u—10)),
and run Algorithm 2.1 twice [29, section 7.3]. Such a strategy maintains the same
exactness of Proposition 3.1 at twice the cost. The second one considers the vector
Um = QL u (computed on the fly) and the approximation

(3.6) ul f(Jm)er = uT f(A)v.

This approximant is exact for rational functions whose numerator has a degree up to
m — 1 and denominator ¢ from (3.1). The third possibility uses (3.5) applied to the
2 x 2 block bilinear form

uTf(A)u uT f(A)w

[uv}Tf(A)[uv]: va(A)u UTf(A)U )

whose (1,2) position yields the sought-after quantity; see, e.g., [39, egs. (6)—(7)]. Fi-
nally, another possibility is to consider the rational variant of the nonsymmetric Lanc-
zos algorithm in [60].

Stopping criteria. For a general function f a cheap stopping criterion at the mth
iteration is given by the difference between two iterates

|uZ:Lf(=]m)61 - Ug;l_sf(Jm—s)eﬂ

for some fixed index s satisfying 1 < s < m. This criterion relies on the idea that the
approximation error decreases as the iterations proceed. For the special case of the
extended Krylov subspace and Laplace—Stieltjes functions the convergence to f(A)v
is indeed monotonic [53], hence the criterion is reliable. This simple criterion can be
further developed following the results in [14].

A “residual-based” criterion can be obtained if the function f is such that y(7) =
f(rA)v is the solution to the differential equation y(¥ = Ay, with 3@ the dth
derivative of y, d € N, and specified initial conditions for 7 = 0. Indeed, let
Ym(7) = Qm f(7Jm)e1 be the approximant derived by (3.1) and define the differential
equation residual

(3.7) P (T) = Ay (1) — y{D (7).
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Then the norm of r,,(1) is commonly used as stopping criterion for Krylov subspace
approximations to y(1); see, e.g., [11, 20, 38]. Computing ||r,,(1)| would require
storing Q,,,; however, it is possible to use an upper bound with quantities available
at the current step. Indeed, using (2.3), (2.5), and J, f(7Jmm)er = (f(7Jm)) Peq, we
get

P (T) =AY (T) = 4D (1) = AQm f (T Tm)er — Quu(f(TTm)) P es
= (QuHm + B (I = 6" Agmyrel,) Kot F(7Tm)er — Qu(f(77m) Pes
=QmImf(TIm)er + QmwmeﬁK;Llf(TJm)el
+ B (I = & A gmir e Ko f(rTm)er = Qun (f(7Tm)) Ve
= (I = Qm@I)I = £,  A) g1 Brmein K £ (7T e

Therefore,

(3-8) lrm ()< 1Bl (14 16 TIAN len K £ (7 Tm e,

and this holds, in particular, for 7 = 1. We recall that tI = el K1 is computed
iteratively during the recurrence (see Lemma 2.1), hence the only extra computational
cost is given by the norm and the inner product |t f(7.J,,)e1|. As already mentioned,
the approximant y,, is exact for rational functions with a numerator of degree at most
m—1 and denominator ¢ from (3.1), while (3.3) is exact on a much larger set of rational
functions; cf. (3.1) with Proposition 3.1. Therefore, the previous stopping criterion
may overestimate the error of (3.3), while it is more appropriate in (3.6) where v # u.

The previous stopping criteria can be extended to the block case. For the latter
one, we can derive the bound [ Ry, (7)|| < [|Bm || (1 + €51 [ AI) | Ex K f (7 T) B -
To prove the inequality above, consider the differential equation Y4 = AY, with
Y(r) = f(rA)V, and the approximant Y,,(7) = Q. f(7Jm)FE1. The bound follows
by using the formulas (2.10) and (2.11) and adapting the scalar case arguments seen
above to the block case.

Ezample 3.2. Let A be the adjacency matrix of a network. For any ¢ € {1,...,n}
the quantity (exp(A));; measures the importance of the ith node with respect to
the network edge structure, the so-called exp-centrality index [25]. We consider the
symmetric normalized adjacency matrices Oregon-1 and ca-GrQc of size 11492 and
5242, respectively, from the SuiteSparse Matrix Collection [16] and the node ¢ with
the largest exp-centrality. Both matrices are very sparse, with, respectively, 4 and 5
nonzero elements per row on average. We are interested in approximating the bilinear
form el exp(A — 21I)e; (note that exp(A) = exp(A — 21) exp(2), with A — 2I negative
definite). As a quality measure, we use the error between the approximation obtained
by the rational Lanczos/Arnoldi methods and the quantity obtained by the MATLAB
function expm.

Figure 3.1 reports the absolute errors for both approximation methods as the
iterations proceed, until the final accuracy is attained after which, not surprisingly,
the full orthogonalization approach shows higher accuracy; see, e.g., Figure 3.1 (right).
See also section 4. The figure also shows the norm of the rational Lanczos residual (3.7)
for 7 = 1 and its estimate (3.8). In Table 3.1, we report the number of iterations and
corresponding CPU times, confirming the similar behavior of the two approaches, in
terms of computational costs. The very limited number of iterations balances the cost
of the extra solves in the Lanczos process with that of the full orthogonalization in
the Arnoldi iteration.
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ca-GrQc.mat Oregon-1.mat
100 F —»*— Lanczos Error — 100k —*— Lanczos Error 4
— o — Arnoldi Error — — e — Arnoldi Error
102 h ny + Lanczos Residual _ 102h - N + Lanczos Residual| ]
i\‘\\ ————— Estimate (3.8) \ R Estimate (3.8)
+ N
104k \\ A . 1 1074 F * A < E
N, '~
S
\ S ~
106 \ ~. i 106 | N 1

1010 & , 10°10 [ 3

10712 £ T 1012k 1
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1014k N , 1014 L \\ 1
\5?_,,,2 i \ e

H o~
10716 1 1 1 1 1 1 10'16
0 1 2 3 4 5 6 7 0 2 4 6 8
Iterations Iterations

Fic. 3.1. Ezample 3.2. Convergence history of the Arnoldi error, together with the rational
Lanczos error, residual norm (3.7) for T = 1, and residual estimate (3.8).

TABLE 3.1
Example 3.2 with s = 1. Number of iterations of the Qm-less rational Lanczos and Arnoldi
methods and corresponding CPU times. Also reported are the dimension and the number of nonzeros
(nnz) of each matriz.

Matrix Size nnz Method It. | Time (secs)
Qm-less Lanczos 6 0.079
ca-CGrQe | 5242 | 28980 | TRt Amoldi | 6 0.067
Qm-less Lanczos 8 0.129
Oregon-1 | 11492 | 46818 Rat. Arnoldi 3 0.130

3.2. The trace of a matrix function. A problem strictly related to that
of approximating a quadratic form is given by the approximation of the trace of a

matrix function, tr(f(A)) = > (f(A4))u = >.i; f(Xi), where we assume that A

is symmetric with eigenvalues Aj,..., A,, and f(\;) is well defined for ¢ = 1,...,n.
The approximation of the trace by means of its definition is overly expensive for large
matrices, since it requires estimates for el f(A)e; foralli =1,... n.

A popular strategy is the use of a Monte-Carlo approximation. Let Z be a discrete
random variable with values {1, —1} with probability 0.5, and let z be a vector of n
independent samples of Z. Then 27 f(A)z is an unbiased estimator for tr(f(A)); see,
e.g., [37]. By exploiting this result, one can generate ¢ sample vectors 2R k=1,....¢,
estimate (27T f(A)2(®) ~ 7, by means of the procedure from section 3.1, and obtain

1

(3.9) t(f(4) ~

M~

Tk-
k=1

Paper [4] analyzes the case f(\) = A~!, with a polynomial Lanczos approach; see
also [44]. The effectiveness of the overall approach for general functions of symmet-
ric matrices has been established in [59]; see also [45] for an improved method for
stochastic trace approximation, and [15] and its references for general randomized
approaches.
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In the past few years probing methods have also emerged as an important al-
ternative, especially in network analysis. These differ from Monte-Carlo approxima-
tions for the selection of the “probing” vectors z(*), which are then used to estimate
(2N T f(A)z™*) by means, for instance, of Krylov methods; see, e.g., [8, 27, 45].

In all these strategies, a key step is the use of the Lanczos procedure to obtain an
approximation to (z*))T f(A)z(®); a block method suggests itself. Rational Lanczos
can effectively be used to speed up convergence, in terms of number of iterations,
with respect to polynomial approaches. A disadvantage of the rational approach lies
in the solution of linear systems with the possibly large matrix I — f;lA, whose cost
depends on the sparsity structure of A.

Applications related to Gaussian processes often require estimating a parameter
¢ by maximizing the so-called log-likelihood function:

(3.10) log(p| ¢) = 5 log det(A(¢)) — za™ A(9) — = log(2r)

where the positive definite n x n matrix A(¢) is the inverse of the covariance matrix
parametrized by ¢, and z is a given vector; see, e.g., [59]. Estimating log det(A(¢))
constitutes the main computational cost in (3.10). The relation logdet(A(¢)) =
trlog(A(¢)) allows one to use the stochastic trace estimator in (3.9) to reduce the
overall computational cost. The values 75 can be obtained by using the block ratio-
nal Lanczos)algorithm to approximate the bilinear form BT log(A(¢))B, with B =
[z ... 2P

Ezample 3.3. We consider the model in [48]; see also [27]. We generate uniformly
distributed random pairs s; € [0,1]%, i = 1,...,n, representing points on the real
plane. A random Gaussian variable is associated with each point s;. The model de-
scribes the association between random variables observed at fixed sites in the Euclid-
ean space, thus imposing a neighborhood structure to the points. More precisely, two
points s;, s; are associated if and only if the Euclidean distance d;; = ||s; — s;|| is
smaller than a given parameter § > 0. Such a structure defines a planar graph. We
considered ¢ = 20, while the entries of A(¢) are defined as follows:

1 . i Jiks | = '7
oty = { 1B 122

with the so-called reciprocal choice [48]

o l—d,»j/é, O<d1‘j<5,
R ) otherwise.

Table 3.2 reports the results obtained with the @Q,,-less Lanczos and rational Arnoldi
algorithms for different values of n, p, and 6. The sparsity pattern of A(¢) depends
on ¢; the larger §, the denser A(¢). In spite of the possible cost increase in system
solves, the rational Lanczos method turns out to be faster than rational Arnoldi for
all the parameters we tested; see Table 3.2. This may be related to an increased cost
of the full orthogonalization step in rational Arnoldi, which seems to suffer the large
rank of the matrix B. Once again, we used as accuracy measure the error between the
computed quantity and the value obtained by means of the MATLAB logm function.

For each iteration of the rational block Lanczos/Arnoldi algorithm, Figure 3.2
displays the error in the trace approximation for the rational block Lanczos/Arnoldi
algorithms as the iterations proceed. The accuracy reached in the last iterations of
the examples agrees with the estimated achievable accuracy of the stochastic strategy
we used; see, e.g., [45]. The algorithms behave almost identically in terms of the error.
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TABLE 3.2
Example 3.3. Number of iterations of the rational Lanczos/Arnoldi method needed to reach
the mazimal achievable accuracy along with the CPU time in seconds. The approzimation space
dimension is at most p-(# It.+1). nnz refers to the number of nonzero elements in the considered
matrices.

Size D 0 nnz | Method It. | Time (secs)

Qm-less Lanczos 6 0.026
0021 2260 | gat. Armoldi 6 0.063

1 000 20
0.06 | 11 440 Qm-less Lanczos 7 0.047
’ Rat. Arnoldi 7 0.094
0.002 | 11 278 Qm-less Lan.czos 5 1.82
Rat. Arnoldi 5 1.99

10 000 | 200
0.006 | 21 238 Qm-less Lanczos | 10 3.76
' Rat. Arnoldi 10 5.96

10! 10!
—<—Err. Lanczos| - —=—EFErr. Lanczos

—o—Err. Arnoldi | - —o—Err. Arnoldi

. . . . . . .
1 2 3 4 5 € 1 2 3 4 5
Iterations Iterations

Fic. 3.2. Ezample 3.3. Convergence error history of the trace estimation (3.9) obtained at each
step of the rational block Lanczos/Arnoldi methods.

3.3. Ho-norm computation. We consider LTI systems of the form

| #(t) = Az(t) + Bu(t), z(0)= =z,
> { y(t) = Ca(t),

where A € R"*" is stable, that is, its spectrum is contained in the left-half open
complex plane C_, and B € R"*P (' € R?*" are low rank, i.e., p+ ¢ < n. The
Ho-norm of ¥ is defined as follows:

(3.11)

1S]%,, = trace(CQCT) = trace(BTPB),

where Q, P € R"*"™ denote the controllability and the observability Gramian, respec-
tively, i.e., Q and P are the solutions of the following Lyapunov equations:

AQ+ QAT + BBT =0, ATP+PA+CTC =0

see, e.g., [3, section 5.5.1]. The Ho-norm gives the maximum amplitude of the system
output resulting from input signals of the LTI system (3.11) with finite energy (see,
e.g., [3, 32]), and thus its estimation is of interest.
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For A of large dimension n, model order reduction (MOR) is used to make the
dynamical system numerically tractable [3], so that the Hs-norm can also be more
cheaply estimated. Given a matrix @,, whose columns span an appropriately chosen
reduction space of dimension much lower than n, in MOR the following smaller system
is introduced:

. E(t) = Jmfc\(t) + Bmu(t)a 3(0) = Q%xo, Jm = Qz;;Ava
(3.12) X { J(t) = (), By = QL B, Cy = CQu.

This reduced system is hopefully able to reproduce the main features of the
original large scale setting.? Rational Krylov subspaces have proven to be partic-
ularly effective for this task [3, 7, 28, 31]. For A symmetric, Algorithm 2.1 pro-
duces the small dimensional matrix J,,, while B,, = QL B and C,, = CQ,, can
be computed incrementally during the iteration, without explicitly storing Q,,. Af-
ter these computations, the @Q,,-less rational Lanczos method can be employed to
cheaply compute ||X,,|l%, as an approximation to ||X|#,. In the following we ap-
proximate ||X|y, = /trace(BTPB) and we thus focus on the approximation of
the observability Gramian P. The same procedure can be adopted to compute
12113, = /trace(CQCT) if the latter formulation is preferred.

The rational Krylov subspace method can also effectively be used for solving the
associated Lyapunov equation; see, e.g., [56]. Given the iteratively generated matrix
Qm for K,,(A,CT | €), an approximation to P is sought in the form P,,, = Q,,, Y, QL
where the reduced matrix Y, is obtained by imposing an orthogonality condition on
the residual matrix R,, = AP,, + P,,A + CTC. In terms of the Euclidean matrix
inner product, this condition can be written as QT R,,Q,, = 0. Substituting P,, into
the residual and using the orthogonality of the columns in @Q,, yields the following
reduced Lyapunov equation:

Yo + Yo do + ExyyTET =0,

where J,,, = QL AQ,, and CT = Q,~ for a nonsigular v € R?%4. Hence, the small size
solution Y;,, can be computed by means of a Schur decomposition based strategy [56].
Using the computed quantities we can write

=13, =trace(B"PB) ~ trace(B' P,, B) = trace ((B' Q) Yin (QL.B)) = [|Zm I3, -

All the required quantities can be computed without ever storing the whole matrix

Qm.-
Stopping criterion. For the Ho-norm computation we propose checking the dis-
tance between two subsequent norm approximations, that is, for 1 < s <m — 1,

(3.13)

2, ~ [ slpl |V BEY 5] — yftrnce (B Yin-eBru-s)
120 |, \/trace (BTY,,B,,)

m

The scheme presented in this section can be easily adapted to deal with certain
parametric LTT systems like those studied in, e.g., [5], where only the matrices B =
B(u) and C = C(u) affinely depend on a parameter p belonging to a given parameter
set D.

2Usually two spaces, range(Qpm ), range(Wy,), can also be considered, so that Jm, = WL AQm,
Bm = WLB, and Cp, = CQ.y,. For our problem one reduction space suffices [3].
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TABLE 3.3
Ezxzample 3.4. Results for Qm-less rational Lanczos and rational Arnoldi methods to achieve
the prescribed accuracy. Shown are number of iterations, space dimension, CPU time, and relative
error.

It. | dim (ICm+1 (A, CT, §m+1)> Time (secs) | Rel. err.

Qm-less Lanczos 12 65 0.219 7.13e-9
Rat. Arnoldi | 12 65 0.199 7.13e-9

Ezample 3.4. We consider the two dimensional (2D) Optical Tunable Filter dataset
available in the MOR WIKI repository [58] (see also [36]), giving the following LTI
system:

(3.14) oF { Ezgg

with n = 1668, p = 1, and ¢ = 5. The mass matrix F is diagonal and positive definite
so that we can consider the transformed system

Ax(t) + Bu(t),
Cu(t),

< | @) = A%(t) + Bu(?), A=E2AE* B=E B
(3.15) E oy o o A
y(t) = Cxz(t), C=CEz,7=EFEzz.
This transformation does not affect the Hy-norm of the system, since HEHH2 = |23, -

We construct K,,(A, CT,&,,) for the approximation of ||Sy |, ~ ||S]2s,. The iter-
ations are stopped as soon as the relative quantity in (3.13) for s = 1 is smaller
than 10~8. Table 3.3 collects the results for both the @Q,,-less Lanczos and Arnoldi
methods, using the same shifts. Thanks to the moderate dimension of the dataset,
we are also able to explicitly compute the Ha-norm of the fu11~system3 Y. Therefore,
Table 3.3 also reports the relative error ||| X2, — [ Zm |2 /112 2 -

The results in Table 3.3 show a very similar behavior for the @Q,,-less rational
Lanczos and rational Arnoldi methods. The Lanczos method allows us to store only
three basis blocks, namely 15 vectors of length n, instead of the whole basis as in
the rational Arnoldi method. In terms of CPU time, solving 2¢ linear systems per
iteration in the Lanczos approach, instead of only ¢ systems in rational Arnoldi, does
not lead to a remarkable increment in the computational efforts.

Ezample 3.5. We consider yet another dataset from [58], the three dimensional
(3D) Gas Sensor example. The LTT system has the form (3.14) with a diagonal posi-
tive definite mass matrix F, hence the transformed LTT system in (3.15) is employed.
In this example we have n = 66917, p =1, and q = 28. The large problem dimension
n does not allow for the computation of the Ha-norm of the full system X, hence only
the approximation ||3,,||#, is computed. Since p is significantly smaller than ¢ (the
number of columns of B and C7, resp. )7 we proceed by constructing K, (/T, E,&m)
and then we compute ||Em||'H = trace(C’QmC’T) Both methods are stopped as soon
as (3.13) for s = 1 becomes smaller than 10~8. Table 3.4 collects the results. Also,
for this example the rational Lanczos and Arnoldi methods perform similarly. This
means that the cost per iteration of the two schemes is rather similar. On the other
hand, for problems where a larger number of iterations is required to converge, the
computational cost of the Arnoldi algorithm may significantly increase due to the
explicit full orthogonalization.

3||§H7.¢2 is computed by norm(sys,2) where sys=ss(4, B, C,0).
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TABLE 3.4
Exzample 3.5. This table presents results for Qm-less rational Lanczos and rational Arnoldi
methods to achieve the prescribed accuracy. Shown are the number of iterations, the space dimension,
and the CPU time.

It. | dim (ICm+1 (A, B, §m+1)> Time (secs)

Qm-less Lanczos 19 20 30.5
Rat. Arnoldi 19 20 28.8

3.4. LQR feedback control. We consider once again LTI systems X of the
form (3.11), and we investigate the efficient computation of a different quantity related
to the so-called LQR problem. Given the LTI system (3.11) with a stable A, this can
be stated as

Uy = argqfnin J(u), with J(u) = /000 y()Tyt) + u(t)T R u(t)dt,

where J is a quadratic cost functional and R is a p X p symmetric and positive
definite matrix. Since A is stable, this u, exists and is given by u.(t) = —Kz(t) =
—R™'BTXx(t), where X € R™™" is the unique positive semidefinite and stabilizing?
solution of the following Riccati equation [43]:

(3.16) ATX + XA - XBR'BTX + CTC =0.

Using u, the first equation in (3.11) can be written in terms of a closed-loop dynamic
i(t)=(A— BR'BTX)z(t),  x(0) = xo,

whose solution is given by x(t) = exp((A — BR™BTX)t)x for t > 0. Therefore,

(3.17) uy(t) = —R™'BTX - exp((A — BR™'BTX)t)x.

In the following we show that for A symmetric an approximation to u, can be cheaply
obtained by the Q,,-less rational Lanczos method; see also [1] for related results.
Rational Krylov subspaces have appeared to lead to competitive methods for
solving large-scale Riccati equations; see, e.g., [55] and references therein. In case
a projection approach is employed, the overall scheme is very similar to the one
reported in section 3.3 for Lyapunov equations. Once again, an approximate solution
is sought in the form X,, = Q,,Y;,QZ, where Range(Q,,) = K,.(A,CT,¢), while
Y., is computed, for instance, by imposing an orthogonality (Galerkin) condition on
the residual matrix. Explicitly imposing this condition and exploiting the property
QT Q,, = I determines a reduced Riccati equation to be solved in Y,, (see [10]), that

18,
(3.18) JnYm +Ymdm =Y B RT'BYY,, + Eyyy" B, = 0,

where B, = QI B,, and v € R9*? is such that CT = Q. Since A is stable and
symmetric, the matrix .J,,, is also stable so that Y,,, exists and it is the unique positive
semidefinite stabilizing solution to (3.18).

Algorithm 2.1 can be employed to construct (3.18) for a growing m, where the
rows of B,, are computed iteratively during the recurrence. At the mth iteration an
approximation u,, to u. is obtained as

(3.19) U (t) =R7'BLY,, exp((Jm — BmR™*BLY, ))(QL x0) ~ u.(t),

4That is, A — BR~'BTX is a stable matrix.
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which does not require storing the whole Q,,, since QT zy can also be constructed
iteratively as m grows. Thanks to the stability of J,,, it can be shown that the function
U (t) defined in (3.19) is indeed the optimal control of the reduced model (3.12),
namely (see [55, Corollary 3.2])

Up = argmin J (), J(u) = /0 h 7OTG) + u(t)T R u(t)dt.

u

Stopping criterion. The L2-distance between two iterates can be employed as a
measure to assess the quality of the computed approximation wu,, (t),

[t — umeH%? N fooo l|wm (1) — Um—s(T)||2dT

(3.20) 9 )
l[um|32 Jo MNum(7)|[2dr

seN, 0<s<m.

This quantity can be cheaply approximated because it only involves small dimen-
sional quantities. Furthermore, since .J,,, — B, R"1B,,,Y,L is a stable matrix, it holds
that exp((J,, — B R™1B,,Y,I)t) — 0 as t — oo which may lead to an exponential
convergence of the quadrature formula adopted to approximate (3.20); see, e.g., [12].

Ezample 3.6. We consider data in [2, Test 1]. The matrix A € R™*™ amounts to
the 5-point finite differences discretization of the 2D Laplacian operator in the unit
square [0, 1]? with zero Dirichlet boundary conditions, namely A = 1/(i — 1)? - (T ®
I+ I; ® T), T = tridiag(1, —2,1) € R™" n = n2. The vector B € R™ is such that
the matrix BBT corresponds to the discrete indicating function related to the square
[0.2,0.8]2. Similarly, CTC with C' € R**™ amounts to the discrete indicating function
of [0.1,0.9]>. We select R =1 and xog = 1/(72 — 1) - 1,,, where 1,, € R" is the vector
of all ones.

We compare the @,,-less rational Lanczos and Arnoldi methods for the compu-
tation of the approximate optimal control u,,(t) in (3.19). Both schemes are stopped
as soon as the value in (3.20) for s = 4 is smaller than 1078. The results in Ta-
ble 3.5 show that the two methods perform similarly in terms of convergence trend
and computational efficiency. Figure 3.3 also reports the convergence history of the
two schemes for different values of n, illustrating that the lack of a full orthogonal-
ization procedure does not affect the convergence of the rational Lanczos method for
this example. See section 4 for a broader discussion on this topic.

TABLE 3.5
Ezample 3.6. Number of iterations of the rational Lanczos/Arnoldi method needed to achieve
the prescribed accuracy along with the dimension of the computed subspace and the running time in
seconds.

n It. [ dim (Km41(A,CT €m+1)) Method Time (secs)
ow | 2 el
| 0 I
o | = " Ty e |3
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1n=40000 n=160000 n=360000
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\ —o-Arnoldi —e-Arnoldi —e-Arnoldi

1074 ¢ 1107

wj — wjs| |, /Il L,
_A
o
A
;e//ﬂ/

— e \
RTINS \ 3 108 \ 1 10°%: \
\
\ \ \
b \ —o
1078 1078 1078
0 10 20 30 0 10 20 30 0 10 20 30
Iterations Iterations Iterations

Fic. 3.3. Example 3.6. Convergence history of the rational Lanczos and Arnoldi methods for
different values of n and s = 4.

4. Considerations on finite precision arithmetic computations. The po-
lynomial Lanczos iteration is known to be prone to numerical instabilities, which cause
loss of orthogonality in the computed basis. This fact has been deeply investigated by
Paige in his seminal Ph.D. thesis [46] and successive works; see, e.g., [47]. Quoting [54,
p. 108], loss of orthogonality can be viewed as the result of an amplification of each
local error after its introduction into the computation, and its growth is determined
by the eigenvalue distribution of A and by the starting vector v.

The rational Lanczos sequence is tightly related to its polynomial counterpart,
with the added difficulty of the system solves, whose finite precision arithmetic com-
putations may significantly increase the perturbation induced by round-off, even as-
suming a stable direct solver is employed. Notably, to the best of our efforts, we
could not find in the literature a round-off error analysis for rational Krylov subpace
computations within the considered applications. In this section we introduce very
preliminary considerations on the round-off perturbation that may occur in the com-
puted quantities during the iteration. We also report on our numerical experience,
showing that the type of loss of orthogonality in the basis seems to be similar to
that analyzed in the polynomial Lanczos method over several decades. We are con-
scious that performing a satisfactory quantitative analysis requires sophisticated tools
that go beyond our current presentation. Hopefully, these preliminary results may be
useful in a deeper analysis.

At iteration j, the generation of the rational Krylov orthonormal basis requires
the following computations:

F=Agy = Bl =& A) -1, 5= &2 A)
r=(I-&'ATF, s=(I-¢'A)7'5

T
’I“Qj

qg=r—qs, with  a; = —
S Qj

qj+1 = Q/ﬁﬁ B = llqll-

Using standard assumptions on finite precision arithmetic computations, and assum-
ing a backward stable method is used for solving with the symmetric and positive
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definite matrix I — & ' A, we conjecture that an Arnoldi-type relation similar to that
in the results of [47] holds, that is,

AQ;K; = Q;H; + (I — &' A)gjae] + Fj,

where the matrix Fj collects all round-off terms during the iteration. Here we envision
that the columns of F; will have an increasing norm as j grows, in accordance with the
error accumulation argument known for the polynomial Lanczos. We stress that K
and H; are not the same as those computed in exact arithmetic, and that the columns
of Q; are no longer exactly orthonormal; however, we can assume that v = Qje;.
Although our conjecture seems to be confirmed by numerical experiments, a rigorous
analysis leading to upper bounds for the elements in F; would be desirable, though
it goes beyond the aim of this work. A different approach to the understanding of
the finite precision arithmetic behavior could also follow the backward error analysis
introduced by Greenbaum for the Lanczos method [30]. In particular, this approach
may enlighten the interplay between the distribution of the eigenvalues of A and
the shifts {;, leading to a better understanding of the rational Lanczos convergence
behavior in finite precision arithmetic.

Remark 4.1. In finite precision it no longer holds that J; = Q;‘FAQ]-, and one
could even question the symmetry of the computed J;. However, since we are mainly
concerned with the loss of accuracy in the computation of the length-n vectors, we can
assume that K;l and J; = HjK;1 - weTK;1 are computed accurately, with w as

in the discussion after (2.6), so that w’ =u”B; /& = B; /& (avj1 — nﬂj/fj)e;er;l =
vj€; K . We thus have

_ 1 _
Jj = (Hj —v; K} eJJ)K =H;K;" —v;K; e]JK

with H; K j_l symmetric. Hence, J; remains symmetric also in finite precision arith-
metic, as long as all quantities are determined using the computed coefficients.

According to Remark 4.1, we thus assume that J; = HjKj_1 — ijj_TejejTKj_l
and K ! are computed exactly. We can then write the perturbed relation as
AQ; = QH; K" + (I =& A)gjpae] KM+ FiK;!
= Q;J; +[QuiK; Tej + (I - & A)gjle] K + FK; !
= Q;J; + zje] K +FK1
Subtracting (Q; for ¢ € C such that A — (I and J; — (I are nonsingular, we obtain
(A= CDQ; = Qy(J; — CI) + e K 4 K .

Multiplying by (A — ¢I)~! and (J; — ¢I)~!, and rearranging the relation above we
obtain

(A=CD)7'Qy = Qi(J; —¢I) ™ = (A= (D) (zje] Kt + FiE ;) (T — CI)~
We analyze the effect of this computation in the approximation of the quadratic form

vT f(A)v, for which the short-term recurrence seems to work particularly well (see
section 3.1); see, e.g., [20] for a related analysis of the polynomial Lanczos method.
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Using f(A) = [ f(C)(A — CI)~1dC we can write
Ay = / FOUT (A = CI)71Qy)erdC
- /F QU Qs (T = Q) ead
T [ HOA= D (] + FKT(0; =CD) ead.
Therefore,
oA = T QIQIUer =" [ FOA = CD (il + B)KG Iy = D) eade,

In exact arithmetic it would hold that QJ-TQj = I; so that the quantity ef f(J;)e1
would correspond to the classical approximation in the given subspace. In finite
precision arithmetic the distance from the ideal quantity can be estimated as follows:

W (Ao —ef f(Jj)er| < e f(Jj)er — ¢l Qi f (Jy)er]
/f T(A— D) el KTy — ¢I)™ eldg“’

TA- ¢ FEK(J; CI)leldC’
:.I+II+III.

We next analyze the right-hand side terms. Let qlTQj = ey + €5, where we can assume
that e €; = 0 (exact normalization) while the quantity |ef €;| may grow with k. Then

€7 F(Up)er = af Quf (Ty)erl = €] £(Jy)el
Z
=

In exact arithmetic, it has been proved that |ef f(J;)e1| shows a decaying behavior—
which is possibly exponential—as ¢ grows, and the slope depends on the spectral
properties of the coefficient matrix [49]. If this property is maintained in finite pre-
cision arithmetic, then each term |(€;),| is allowed to grow as long as the product
|(€5)el |(f(J;)e1)e| remains small.

Assumlng that K is computed exactly, the term Z7 does not involve perturba-
tion matrices; therefore its magnitude is related to the quality of the rational Krylov
space approximation in exact precision arithmetic. Last, the term ZZZ shows that the
columns of the round-off error matrix are weighted by the components of the vector

71(J]- —(I)"'ey. By using the definition of J; and Kj, it follows that (J; — (1)K, =

— (K, — wje]T, which is a tridiagonal plus a rank-one matrix acting on the last
column. Setting G; = H; — (K; with G; = G;(¢) and using the Sherman-Morrison
formula, we get K;l(Jj —C¢I)7ley = G el +G;1wj(e?G;1€1)/(1 - efG;lw). If G,
has convenient spectral properties, then the components of the vector G;lel have a
decaying magnitude, while the magnitude of the second term in the formula depends
on eJTGj_lel, the last component of the first vector. Hence, in this case the propa-
gated errors contained in the rightmost columns of F}; are weighted by small values.

J

Z [(e5)el [(£(T)er)el.

=

(4.1)
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As a consequence, the round-off effect appears to be mitigated. Although we have
experimental evidence that round-off errors seem to only slightly affect computations,
a thorough analysis is needed to make more definitive statements.

Remark 4.2. For f(z) = z~! the polynomial Lanczos analysis is closely related
to that of the conjugate gradient (CG) method for solving linear systems. We refer
the reader to the monograph [41] and its references for a thorough discussion.

---lT- QT ---IT-qa)

——[" f(A)v — ¢{ Q;f(J;)er] —— " f(A)v — ¢ Q;f (J;)er]
— " f(A)o — el f(J))ei] — [T f(A)v — €] f(Jj)ed]
—e—eig res. —e—eig res.

109 e

10'10 L

history of different quantities

history of different quantities

. . 10 -20 . .
0 10 20 0 20 40 60
number j of iterations number j of iterations

Fic. 4.1. Ezample 4.3. Convergence history of approzimation to vI AY2v. Left: p = 0.45.
Right: p = 0.85.

Ezample 4.3. We consider an example first introduced in [57]. The matrix is
diagonal with eigenvalues equal to \; = A\; +(i—1)/(n—1) (A =X\ )p" i =1,...,m;
the parameter p is used to control the eigenvalue distribution in the spectral interval,
so that a value of p close to one distributes the eigenvalues almost uniformly in the
interval. We considered n = 900, A\; = 0.01, and \,, = 100, together with f(\) = A1/2.
Moreover, we analyzed two values of p, that is, p = 0.45 and p = 0.85. The plots in
Figure 4.1 show the error |[v” f(A)v—e] f(J;)e1| together with the loss of orthogonality
[1—-Q7 Q] and the true approximation error [v” f(A)v—qf Q; f(J;)e1| as the number
j of iterations increases. Plots are reported for p = 0.45 (left) and p = 0.85 (right).
The eigenvalue residual norm ||Az0) — 20 \G)|| /|]AU)| is also shown, where (AU), 2(7))
is the Ritz eigenpair with A\) closest to A,. Similarly to the polynomial Lanczos
method, for both values of p loss of orthogonality is related to the convergence of the
Ritz eigenpair to the corresponding eigenpair of A. Concerning the bilinear form, we
first remark that the convergence to v’ f(A)v is not consistently related to that of
the Ritz eigenpair, and in addition, convergence seems to be insensitive to the fact
that ¢f Q; # e1, that is, €; # 0. Though convergence is slower for p = 0.85 than for
p = 0.45, the last property is maintained in both cases.
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In the previous example we illustrated that the accuracy obtained by ¢ Q; f(J;)es
is similar to that of e f(J;)e1, and this is related to the role of | >_7_, (€;)e(f(Jj)e1)e
in the discussion above. The next example investigates this issue further.

_}QTJJ)‘M —}g(TJJ)fl\
---lQTa ---1QTa
—— QT a| * [ 7())e ——[Qlqi| * 7))o
E £ 107
) [}
g g
3 3
2, a,
g g
8 3
5 510707
+— +
9] Q NP PR P ReR
o) o) N SN~ ~
> > ‘
Sy Sy
5) S
g g
-20 -20 |
g 10 E 10
g )
&0 )
: :
0 10 20 30 0 10 20 30
index of vector component index of vector component

Fic. 4.2. Exzample 4.4. Magnitude of components at iteration 7 = 30 in the approrimation to
vT AY/2y. Left: p=0.45. Right: p = 0.85.

Example 4.4. With the same data as in Example 4.3, we focus on iteration j = 30
and inspect the magnitude of the components of the vectors f(J;)e; and ¢f Q;, which
give the factors in the sum | > 7_,(€;)¢(f(Jj)e1)e|- The two plots in Figure 4.2 (p =
0.45 on the left and p = 0.85 on the right) report the quantities |f(J;)e1le, |qf Qjles
and |¢T Q;le|f(J;)exle for £ =1,...,30. The two figures consistently report that the
increasing pattern of |¢7 Q;|¢ inversely matches the decreasing one of |f(J;)e1|s, s0
that the product of each component remains at the level of 10715, If J; were exact,
the decay pattern of |f(.J;)e1|, would be expected, thanks to the theoretical results
reported in [49]. The fact that the round-off error does not seem to significantly alter
the interplay between |¢f Q;|, and |f(.J;)e1], could be related to the theory developed
by Greenbaum [30]. For the polynomial Lanczos method, Greenbaum showed that the
computed projected matrix can be expressed as the output of the Lanczos iteration
applied in exact arithmetic not to A but to a matrix A of larger dimensions. In
particular, the eigenvalues of A cluster around those of A. If an analogous result could
be derived for the projected matrix J; computed by the rational Lanczos method, then
the result in [49] would ensure that the decay pattern of | f(J;)e1|¢ also holds in finite
precision. This would justify the persistency of the interplay between |¢f Q;|, and
| f(J;)e1]e in finite precision arithmetic. We will address this intriguing issue in future
research.
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4.1. Stability of the LU factorization of Kj;. In section 2.1 it was stated
that the LU factorization K; = L;U; with no pivoting exists. In this section we
analyze its stability properties. Assuming that K; is computed exactly, the stability
of the LU factorization will ensure that the recurrences (2.8) and (2.9) are backward
stable. To this end, we write

§1tas B2
g=lh p] wek-mng el 0BT ,
a K ! ' o B
Bi—1 &1ty

where fj e RU-DXxG-1) and Ej_l = diag(&r,. .., &)

LEMMA 4.5. Let j,. < n be the first index such that B;, = 0, giving subspace
invariance in (2.3). Using the notation of section 2.1, let A be symmetric and positive
definite, and let the shifts &1,...,&;,—1 all be negative. Then the symmetric matrices
H; and fj are both positive definite for j < j.. Conversely, if A is symmetric and
negative definite with positive shifts, then H; is negative definite while fj is positive
definite.

Proof. We prove the result for A negative definite; the positive definite case follows
similarly. We have J;, = H; K; ' so that J; K;, = J;, +J;, D;" | H; = H;_, from
which

-1 -1 -1 ~1 -1
Hj = (Ij* - Jj*Dj*—l) Jj* = (Jj* - Dj*—l) :
Since J;, = Q}; AQ)j, is symmetric and negative definite, and the shifts are all positive,
it follows that H;, is a negative definite matrix. Moreover, the eigenvalues of Kj,
are positive since K;, = H; J ;1 is the product of two symmetric negative definite
matrices.

For any j < j., the eigenvalues of H; are contained in the spectral interval of Hj;_,
so that H; is positive definite. To derive the positive definiteness of T}, we observe
that for any j < j., the spectrum of K is composed of 1 and all the eigenvalues of
the submatrix K; = Dj__llTj, with j < j,. For j = j,, the positivity of the eigenvalues
of K;, ensures that of the eigenvalues of K; . In particular, since D;, _; > 0, this
implies that T}, is positive definite. Hence, all principal j x j matrices of T}, are also
positive definite, with j < j,. ]

We can prove the backward stability of the Gaussian elimination procedure as-
sociated with K, thus proving Proposition 2.3. Here |M| is the matrix obtained by
taking the elementwise absolute values of the matrix M.

PROPOSITION 4.6. Under the assumptions of Lemma 4.5, if the unit roundoff u
is small enough, then the Gaussian elimination for the system K,y = e; succeeds, and
the computed solution §j satisfies

_ 4u+ 3u? +u?

(Kj + AK;)g=¢;, |AK;| <h(w)]|Kj|, h(u) -

The same holds for the system K]Tt =e;.
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Proof. Following the argument in [35, section 9.6], it is sufficient to prove that
the LU factorization K; = L;U; satisfies |L;||U;| = |L;U;| with U; having positive
diagonal elements, and the result will follow from [35, Theorem 9.14] and its proof.
We restrict our attention to the matrix K j, as the first row and column of K are
already in the desired form. _ o

For A negative definite, from Lemma 4.5 it follows that the matrix 7; = D;_1 K is
positive definite. In particular, Theorem 9.12 in [35] ensures that the LU factorization
T; = L;U; satisfies the Condltlon \L;||U;| = |L;U;|. Therefore, the matrix K, can
be factorized as K = D L U Note that the matrix L = D L D] 1 is lower
bidiagonal with all the dlagonal entries equal to 1. Then

is the unlque LU factorization of Kj, with U = ﬁ;_llﬁj Note that the diagonal

elements of U are positive. Since Dj,l has positive diagonal entries, we get the
following equahtles

\Ly[|U;| = |L||D; 2, Us| = |L; D4 ||U;| = 1Dy Li||U; | = | Dy (L1 U5 |
= |D; 4L U5 = |Dy Y LiU; | = | LU

Returning to K; and using the notation of the proof of Lemma 2.1, we observe that
the first two computed coefficients in the factorization K; = L;U; are w; = 1 and
Uy = B1/&1 > 0. Hence, it holds that |L;||U;| = |L,;U;| with U; having positive
diagonal elements, concluding the proof.

The case in which A is positive definite can be proved analogously. 0

5. Conclusions. We have described a computationally and memory efficient
implementation of the symmetric rational Lanczos method. The algorithm does not
require storing the whole orthonormal basis @,, to proceed with the iterations. We
have illustrated a number of application problems where the proposed Q,,-less algo-
rithm can effectively be employed. Very preliminary considerations of finite precision
arithmetic computations seem to indicate that the behavior of the short-term recur-
rence rational method in this context is similar to that of its polynomial counterpart,
although a comprehensive analysis is required to make more definitive statements.

Appendix. In this section we present the block variant of Algorithm 2.1.
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Algorithm A.1. Block rational Lanczos.

input : A € R®X7_ VvV € R®XP, ¢ number of iterations m > 0.

outp

ut: Jp € RPMXPM g = QT AQum, Range(Qm) = Km (A, V, &€m).

Compute a skinny QR factorization of V, QR = V
while j < m do

if j = 1 then

| Set R=AQ and $=Q
else if j = 2 then

L Set R=AQ - Q8T ; and 5= (I - A/¢;_1)Q

else
L Set R=AQ — (I — A/&;_2)QBT | and § = (I - A/¢;_1)Q
Solve (I — A/€;)[R, S] = [R, S]
~ —1 /=
Compute a; — (Q7s) ™1 (@7 R)
Set Q = R — Sa]-
Set Q = Q
Compute a skinny QR factorization of Q, @ﬁj =Q
if j=1 then
L Set uj =y =t] = Ip and 1 = oy

else

Set uj =a;/&j 1+ Ip — Bj_1wj_115]T_1/(§_7‘_1§_7_2)

T -1 T -1 o T 1

| mvi—1B ey /g2 | TtiaBi ey /81| DU Rt 7 B N

Set yj = —1 V= ~1 cand Gy = | pt -1
w5 wj Bj—1Bj1vj +ojw;

-1
+Ej—18j—1vy;

Compute n = QT AQ

_ -1
Set J;E; = J; — thjT(zp —n/€j)B;/€ju) " and EJTJj =BT
Set j =5 +1
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