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Abstract. In this paper we give first results for the approximation of b, i.e. the
matrix exponential times a vector, using the incomplete orthogonalization method.
The benefits compared to the Arnoldi iteration are clear: shorter orthogonalization
lengths make the algorithm faster and a large memory saving is also possible. For
the case of three term orthogonalization recursions, simple error bounds are derived
using the norm and the field of values of the projected operator. In addition, an a
posteriori error estimate is given which in numerical examples is shown to work well
for the approximation. In the numerical examples we particularly consider the case
where the operator A arises from spatial discretization of an advection-diffusion
operator.

1 Introduction

An efficient numerical computation of the product e for a matrix A € C**»
and a vector b € C™ is of importance in several fields of applied mathematics.
For various applications and numerical methods, see [3].

One large source of problems of this form comes from the implementa-
tion of exponential integrators [5]. These integrators have been shown to be
particularly efficient for ODEs coming from a spatial semidiscretization of
semilinear PDEs. In this case A is usually sparse and has a large norm and
dimension. A widely used approach in this case are Krylov subspace methods,
see e.g. [4] and [8].

Krylov subspace methods are based on the idea of projecting a matrix
A € C"™ and a vector b € C™ onto a lower dimensional subspace K (A4,b)
defined by

K1 (A,b) = span{b, Ab, A%b, ..., A*~1b}.

The Arnoldi iteration performs a Gram—Schmidt orthogonalization for this
subspace and gives an orthonormal matrix Q = [q1,-..,qx] € C*** which
provides a basis of K (A, b), and a Hessenberg matrix Hy = Q; AQy € CF**
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which represents the action of A in the subspace Ky (A,b). If A is Hermitian
or skew-Hermitian, Hy will be tridiagonal and we get the Lanczos iteration.
Moreover, the recursion

AQy, = QrHy, + hpy1 xGrrrer

holds, where hy1, denotes the corresponding entry in Hjy; and ey is the
kth standard basis vector in CF.

Using the basis Q) and the Hessenberg matrix Hy, the product e4b can
be then approximated as (see e.g. [8])

eb ~ Qrere||b].

In case that A is not (skew-)Hermitian the Arnoldi iteration has to be used.
The drawback of this approach is that the orthogonalization recursions grow
longer which slows down the iteration, and that it needs increasingly memory
as k grows. As a remedy for this the restarted Krylov subspace method has
been proposed [2].

The objective of this paper is to show that the incomplete orthogonaliza-
tion method is a good alternative for approximating the product e b for non-
normal matrices A when long orthogonalization recursions should be avoided.
The method has been considered before for eigenvalue problems [7] and for
solving linear systems [9]. As the numerical experiments and the short anal-
ysis of this paper show, it also provides a good alternative for approximating
the matrix exponential.

Class of test problems A reasonable example of nonnormal large and
sparse matrices is obtained from the spatial discretization of the 1-d advection-
diffusion equation

Oiu = €0zzu + a0 u. (1)

Choosing Dirichlet boundary conditions on the interval [0, 1] and performing
the discretization using central finite differences gives the ordinary differential
equation y' = Ay, where the operator is the form A = €A, + aV,, € R**"
with
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where Az = 1/(n + 1). We define the grid Péclet number
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as in the numerical comparisons of [1]. By the Péclet number the nonnormal-
ity of A can be controlled.

Throughout the paper, (-,-) denotes the Euclidean inner product and || - ||
denotes the corresponding norm or its induced matrix norm. The Hermitian
part of a matrix A is defined as A" = (A4* + A)/2, and the skew-Hermitian
part as AS = (A* — A)/2.

2 The incomplete orthogonalization method

In the incomplete orthogonalization method (IOM) (see e.g. [7]), Ag; is orthog-
onalized at step i only against m previous vectors {q;—m+1,-.-,¢;} instead
of all the previous basis vectors. The coefficients h;; are collected as in the
Arnoldi iteration. The incomplete orthogonalization method with orthogo-
nalization length m is denoted as IOM(m) for the rest of the paper. As a
result of k steps of IOM(m) we get the matrix

Qrm = [a1 - ai]

giving the basis of K (A, b), where g1 = b/||b||, and the vectors g; are orthog-
onal locally, i.e.,

<Ql7q2>:17
(¢i,q;) =0, if |i—jl<m, i#j.

The iteration also gives a Hessenberg matrix with an upper bandwidth length
m’

hi1 ... him 0
ha1

Hk;)m = ~.' '_. hk7m+17k: 5 (3)
L 0 hgg—1 x|

where the nonzero elements are given as
hij = (Agj, ¢i)-
We can see that by construction the following relation holds
AQrm = Qrm Hiom + hii1 kG164 - (4)

It is easy to verify that if dim KC (A, b) = k, then Kx(A,b) C R(Qk,m), where
R(Qk,m) denotes the range of Qy ,,,. However, if it happens that R(Qx+1) =
R(Qg), the subdiagonal element hy, ;41 will not necessarily be zero like in the
case of the Arnoldi iteration.
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2.1 Polynomial approximation property
Using (4) recursively we see that for 0 < j <k —1
. j-1
A]Qk,m = Qk,mH]im + Z cie-]gfi
i=0

for some vectors ¢;. Multiplying this by e; from the right side, we see that
for 0 < j <k —1 it holds

Ajb = Qk;mHi’mel ||b||
This results as the following lemma.

Lemma 1. Let A € C**™ and let Qk.m, Hr.m be the results of k steps of
IOM(m) applied to A with starting vector b. Then for any polynomial pg_1
of degree up to k — 1 the following equality holds:

Pr-1(A)b = Qrmpr—1(Hr,m)er]d].
This leads us to make the approximation
e b~ Qp e mey||b|. (5)
By Lemma 1, the error € of this approximation is given as
oo gt )

€k = ﬁb - Qk:,m
=k =k

Him, o] ®)
o CHIEHE

3 Bounds for the error

To bound the error (6), we consider bounds using the norm and the field of
values of the Hessenberg matrix Hj, ».
Using the representation (see also the analysis of [8])

1

- 4 k—1
Tk (1-0)z 0
D= /e o1 4
0

{=k

and the bound [le?|| < e#4), where p(A) is the numerical abscissa of A, i.e.,
the largest eigenvalue of A™ (see [3, Thm. 10.11]), we get the bound

et A||* + erHim)
k!

Note that in the case of the advection-diffusion operator (2), u(A) <0.

He ||k
llexll < Q||| Hpe,m |

1] (7)
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In (7) the norm ||Qk | cannot be bounded, in general. In numerical
experiments ||Q,m, || was found to stay of order 1 for advection-diffusion op-
erators of the form (2) for all values of n, Pe, k and m. A discussion on the
effect of the parameter m to the size of ||Qk.m|| can be found in [9)].

In the same way as in the analysis of [8], it can be shown that

Qu.me’™ e [bl] = p(A)b,

where p is the unique polynomial that interpolates the exponential function
in the Hermite sense at the eigenvalues of Hy, ,,. Then, if the field of values
F(Hg,m) can be bounded with respect to F(A), the superlinear convergence
of the approximation can be shown in the same way as in the proof of [2,
Thm. 4.2] for the case of the restarted Krylov method.

When viewing the incomplete orthogonalization method as an oblique
projection method [9], also the results [4, Lemma 7 and 8] can be applied.

3.1 Bounds for the field of values and the norm of Hy ,.

In this subsection we show how to bound the norm and the field of values of
the Hessenberg matrix Hy o, i.e., for the case of IOM(2). The field of values
of a matrix A € C"*™ is defined as

F(A) ={z*Az : z € C", ||z|]2 = 1}.
We first give the following auxiliary lemma.

Lemma 2. Let A € C"*"™ be normal, and let the 0-field of values be defined
as

Fo(A) ={(z, Ay) : (z,y) =0, [lz]| = [lyll = 1}.
Then

7

Fo(A)={2€C: |z <r}, where r= %Ai,gg(m) [Ai — A .
Proof. Since A is normal, it is unitary similar to a diagonal matrix with the
eigenvalues of A on the diagonal, A = UAU*. Let z,y € C"*™ such that
(x,y) =0, ||z|]| = ||y]| = 1. Then (x, Ay) = (U*x, (A — cI)U*y) for all ¢ € C.
By choosing ¢ to be the center of the smallest disc containing o(A), and by
using the Cauchy—Schwartz inequality, we see that

1
e,y < [A-el| < 5 max A=A
By choosing = = u;/v2 + u;/v/2 and y = u;/v/2 — u;/\/2, where u; and u;
are eigenvectors of A corresponding to eigenvalues A; and A;, we see that

1
Thus, the inequality above is sharp. Since Fy(A) is a disc centered at the

origin [6], the claim follows. O
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Using Lemma 2, we may now obtain a bound for the field of values of Hy, 5.

Theorem 3. Let A € C*"*" and let Hy 2 be the Hessenberg matriz obtained
after k steps of IOM(2) applied to A. Then it holds that

F(Hyz) {2z €C : d(z, F(A)) < 5(I A%+ 4%]) }.

Proof. First, we extend Hy 2 to a matrix H € Ch+2x(k+2) by adding zeros

such that
0...0

H=1"H,:
0...0

and set go = qry1 = 0. It clearly holds that F(Hy o) C F(H).
Let z = [zg ... xk_H}T € C**2 ||z|| = 1. Then, by inspecting (3), we see

that
[ T ]* |:<<AQiaQi> (Agiv1,qi) ] [ i ]

Tig1 Agi, qiv1) (Agit1, @iv1)| [Tina

x| 0 (Agit1,q)| | =i
< zit1] [(Agi; git1) 0 Tip1] '

Due to the local orthogonality of the basis vectors {g;} and the convexity of
F(A), we see that the first term of (8) is in F(A). For the second term, we
split A = A" + AS and use the Lemma 2 to see that

x| 0 (Agiv1,q)| | = H s
< mi| | A A>|.
] [t ) [ ] < et e 1%+ 1250

M)~

~ 1
*H - =
T x B

~.

ol
= o

1
2

K2

By the inequality Zf;ll || |ziva]| < Zle |zi|%, the claim follows. O
Using Lemma 2 we now obtain also a bound for ||Hy 2.

Theorem 4. Let A € C™*™ and let Hy 2 be the Hessenberg matriz obtained
after k steps of IOM(2) applied to A. Then it holds that

1 H 2]l < r(A) + (147 + 4%,

where r(A) = H?(}il) |z|.
z€

Proof. Let x € C", ||z|| = 1. Then for 1 < ¢ < k it holds that
(Hy2m), = 2i(Ags, i) + (Ags, (Ti1¢i—1 + Tiy1Git1))-

By using the triangle inequality, splitting A = A" + AS, local orthogonality
of the vectors {¢;} and Lemma 2, the claim follows. O

Although we consider in the analysis of F(Hy ) and ||Hy |/, and also in
the numerical comparisons only the case m = 2, we note that in numerical
experiments the approximation (5) was found to improve for increasing m.
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4 A posteriori error estimate

An a posteriori error estimate follows from the relation (4) and can be derived
in the same way as the estimate for the Arnoldi iteration, see [8, Thm. 5.1].

Theorem 5. The error produced by the incomplete orthogonalization method
of eb satisfies the expansion

o0
e — Qpm exp(Hy.m)er = hit1k Z erpo(Hym)er A qpin,
=

where @g(2) = > pe @. In numerical experiments we estimate the error

using the norm of the first term, i.e. by using the estimate

, 9)

which can be obtained with small computational cost by computing the ex-
ponential of

T Hk,mel
Hm_{ 0 0

llexll = hig1n |exor(Him)e

= H m
] since eflm — |°© b o1 (Him )er
’ o 0 1

5 Numerical examples

For the first example, we take A = eA,, + aV,, € R™*", where 4, and V,,
are as in (2). The vector b is taken as a discretization of the function ug(z) =
16((1 — x)x)?, z € [0,1]. We set n = 400 and € = 1, and consider the cases
of a weak advection and a strong advection. We approximate the product
e"b using IOM(2) and compare it with the standard Arnoldi iteration and
the restarted Krylov method with restarting interval 3. We also compute the
estimate (9) for IOM. Figure 1 shows the convergence of the three methods.

relative 2—norm error
relative 2—-norm error

—&— Error for restarted Arnoldi —&— Error for restarted Arnoldi
Error est. for IOM Error est. for
—e&—Error for IOM —e— Error for IOM
—— Error for Arnoldi b —— Error for Arnoldi
0 20 40 60 80 0 20 40 60 80 100
Krylov subspace dimension Krylov subspace dimension

Fig. 1. Left: h =3-107%, Pe = 6.2- 1073, Right: h = 2-107%, Pe = 10.0.
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In the second example, A, n and € are as above, and b is taken randomly.

We compare the methods using larger h for the cases of a weak advection
and a mild advection. Figure 2 shows the convergence of the three methods.

The differences in the computational costs come mainly from the differ-

ences in the lengths of the orthogonalization recursions, the Arnoldi iteration
taking O(k?) and the other two methods O(k) inner products. In these nu-
merical examples, the Arnoldi iteration was for k¥ = 50 about 4 times slower
and for k£ = 100 about 8 times slower than the other two methods.

0

10° < 10
S S
= £
(TR o
g 10 € 10
5] 5]
T T
o (oY)
(] [}
=T = AN
® 10 N ® 10 N
o & Error for rostarted Arnoldi [ 5 rror for restarted Arnoldi RY
rror est. for IOM o —— Error est._for IOM
—e— Error for TOM S — F 101
—— Error for Arnoldi —— Error for Arnoldi
0 50 100 150 200 0 50 100 150
Krylov subspace dimension Krylov subspace dimension

Fig.2. Left: h=1-10"%, Pe =6.2-1073. Right: h =6-10"%, Pe = 1.3-107 1.
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