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Abstract. The Extended Krylov Subspace Method has recently arisen as a competitive method
for solving large-scale Lyapunov equations. Using the theoretical framework of orthogonal rational
functions, in this paper we provide a general a-priori error estimate when the known term has rank-
one. Special cases, such as symmetric coefficient matrix, are also treated. Numerical experiments
confirm the proved theoretical assertions.
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1. Introduction. The numerical solution of the large-scale matrix Lyapunov
equation

AX + XA* + BB* =0 (1.1)

is of great relevance in a large variety of scientific and engineering applications; see,
e.g., [1], [4], [27]. Here and later on z* denotes conjugate transposition of the vector
z. In the following we shall assume that B = b is a vector, but our results can be
generalized to the case when B is a tall and slim matrix.

Projection type approaches are particularly appealing approximation methods to
reduce the order of the problem, so that the projected matrix equation is solved in a
much smaller approximation space. Usually some condition is imposed on the residual
to produce the smaller equation so as to uniquely derive an approximate solution
within the approximation space. A very common choice, the Galerkin condition,
is to require that the residual matrix be orthogonal to the approximation space.
Various alternative approximation spaces have been proposed in the past, starting
with the now classical Krylov subspace K,,(4,b) = span{b, Ab, ..., A™~1b} [26]; see
also [17]. Although the Galerkin procedure associated with the standard Krylov
subspace has been used for long time since it was first proposed in [26], its convergence
analysis was only recently developed in [28]. Other approximation methods based on
projection include the well-established ADI method, in its factorized form [23, 25],
the global Krylov solver [18], and the Kronecker formulation approach [15]. Except
for the approach based on the Kronecker formulation, projection approaches have the
convenient feature of determining an approximate solution of low rank, which can be
written as X,, = Z,, 2, where Z,, has few columns, so that only Z,, needs to be
stored.

In this paper we analyze a recently developed Galerkin-type method, which
projects the original problem onto an enriched space that extends the Krylov sub-
space recurrence to inverse powers of A. This Extended Krylov subspace is given by

EK,,(A,b) := K,,(A,b) + K, (A~ A7 ).
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This approximation space was first introduced in [8] to approximate the action of
matrix functions to a vector. It was later used in [29] for solving the Lyapunov
equation. The spaces EK,,(A,b) in the sequence are nested, that is

EK,,(A,b) CEK,,11(A4,b),

and it was shown in [29] that the spaces can be iteratively generated by means of a
recurrence similar to that used for computing the standard Krylov subspace K, (4, b).
Results in [29] demonstrate the effectiveness of the enriched space with respect to
the state-of-the-art ADI method, which suffers from a somewhat difficult parameter
selection. However, a complete theoretical understanding of the method’s performance
was not presented in [29]. A first attempt in this direction was recently proposed in
[21] for A real symmetric. In this paper we solve this open problem: we provide
new general estimates for the convergence rate of the Extended Krylov subspace
method for A real nonsymmetric with field of values in the right half-plane. Numerical
results confirm the quality of our estimates. We also show how these bounds can be
simplified under additional hypotheses on A, e.g. A symmetric, recovering for instance
the leading convergence rate in [21]. Finally, we propose a conjecture leading to an
even sharper rate.

In the following we assume that A is positive definite, although possibly nonsym-
metric, namely, R(x*Az) > 0 for any x € C", ||z|| = 1, where || - || is the Euclidean
norm. This condition ensures that (1.1) has a unique solution. In fact, a unique
solution is obtained by requiring the less strict condition that the eigenvalues of A all
have positive real part. However, this latter hypothesis is not necessarily preserved
by projection type methods such as those discussed in this paper. Instead, positive
definiteness is preserved under projection.

2. Galerkin approximate solution in the Extended Krylov subspace.
Let the orthonormal columns of Q,, € R"*?™ form a basis for EK,,(A,b), and let
Hp, = Q) AQ,,. An approximate solution Q,,Y Q% ~ X is sought by imposing that
the residual R, = AX,, + X,, A* + bb* be orthogonal to the space, which in this case
corresponds to setting Q) R,, 9., = 0, yielding

HoY + YHE, + (Q50)(b* Q) = 0.

Let Y,, be the symmetric positive semidefinite solution to the reduced Lyapunov
equation above. Then an approximation to X is obtained as X,,, = @, 95,

We are thus interested in evaluating the accuracy of the approximation by esti-
mating the error norm || X — X,,||, where || - || is the matrix norm induced by the
Euclidean vector norm. To this end, we define the field of values W := W(A) =
{z* Az, x € C",||z|| = 1}, and we assume that W is symmetric with respect to the
real axis R and (strictly) lays in the right half-plane. The solution to equation (1.1)
may be written as (cf., e.g., [22], [12, exercise 4.4]):

+o0 +oo
X = / e b(e ) dt = 2i / (iwl — A)7bb* (iwl — A) ™ *dw
0 71—700
. +ioc0
- / (21 — A)~10b* (=21 — A*)"Vdz
2w
—100

—i/(z]—A)*lbb*(—zI—A*)*ldz, (2.1)
I
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where I is a closed contour in C\[W U (—W)] homeotopic to the imaginary axis iR
being passed from —ioco to +ico. I, and G, (r > 1) are canonical contours and
domains for W, respectively.

A similar expression can be used for X,,, (see also [26]), namely

—+oo
X, = / Qme_mmel(gme_mmel)*dt
0

— 5 [ QuleT M) erei (21— ;)71 Q) (2.2)
s
I

Note that these relations are common to any projection method with approximation
space spanned by Q,,, and they are not restricted to the Extended Krylov space.
We can thus write the error of the approximate solution as

X-X,,
- / (2T — A)~'0b* (2 — A*) ™ = Quu(a] — M) terel (=2l — H3) Q%) de.
T

3. Error estimates for the approximate solution. Let D denote the closed
unit circle, and let ¥ : C\D — C\W, ® = ¥~! be the direct and inverse Riemann
mappings for W. Consider the Takenaka—Malmquist system of rational functions (see
[32], [24], [33, § 9.1], [30, Ch. 13, § 3]) for the cyclic sequence of poles 0, 00, 0, 00,0, . . .:

1 - |2(0)[~2

me(w)l, leN. (3.1)

bau(w) = Bw)l, ot (w) = —
where

1-— @(O)w] (32)

s = o

Function (3.2) is a finite Blaschke product (see. e.g., [5, § 1.3]).} As such, B possesses
the properties |B(w)| = 1 for |w| = 1 and, thus,

|B(w)| <1 locally uniformly in the open unit disk. (3.3)

The functions defined in (3.1) are orthogonal and uniformly bounded on the unit
circumference (see, e.g., [30]):

1 -
- / G () (@)|dw] = Sy mym € N, (3.4)
Jw|=1
e mene | (w)] < +o0. (3.5)

In [9] Dzhrbashyan introduced the following rational functions that are now called
the Faber-Dzhrbashyan rational functions:?

n (P —
M, (z) = ﬁ / Wdc, r>1, z¢&G,. (3.6)
'y

INote that Blaschke products are also used in [3] for other computational mathematical purposes.
2In the symmetric case, a similar system of rational functions (Laurent polynomials) was used
in [16].
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Taking into account the definition and the properties of the Faber transformation
F (see [31], [10], [30, § 7.4, § 9.3], [11]), one concludes from (3.5) and (3.6) that
M, = Flpy], therefore M, is a rational function of type [21/l] if n = 2, of type
20+ 1/l +1ifn =204+1 (I € N). Moreover, M, has only a zero finite pole (of
multiplicity [ and, due to the convexity of W, | + 1, respectively) and is uniformly
bounded in n on W.

In [20] Kocharyan established for M,, the following generating relation

W) 1S Wy
‘I/(w)—u_wkzzo(bk (w>Mk( ) w[>1,

which in our case gives

_ 1 - _
(ZI — A) 1= W kgzo ¢k ((ID(Z) 1)Mk(A), z € W, (37)
and
*\—1 __ 1 - — *
(=2l — A*)71 = SV (B(2) l§:0 o1 (P(—2) 1) M(A"), z2¢ —W. (3.8)

Substituting (3.7)—(3.8) and the analogous decompositions for H,, into (2.1) and (2.2),
respectively, we obtain

g . .
X=-5 Z Zak,le(A)bb My (A7) (3.9)
k=0 1=0
and
Z_ o0 o0
X, = —ggmZZa'k,le(Hm)eleile(H:%)Q;l’ (3'10)
k=0 1=0
where

o _/q>¢k(¢>(z)1)¢l(¢(—z)1)dz

()W (B(2))B(—2) W (B(—2)) (3.11)

r

Owing to [6, Theorem 2 and formula (1)] and the uniform boundedness of M}, on W,
we have?

max max{[| M (A)][, M (A, My (Ho )], 1M (Hi) [} < 00

Combining this fact with the exactness of Extended Krylov subspace for Mj,
E <2m —1 (see [19, Lemma 3.3]) and subtracting (3.10) from (3.9), we derive the
bound

[X = Xml < > Jard < D0 D lard DD lakd. (3.12)

k,IEN, max{k,i}>2m k=2m 1=0 k=01=2m

3See a related result for Faber polynomials in [2].



Convergence analysis of the EKSM for the Lyapunov equation 5

It remains to estimate the coefficients ay, ;.
LEMMA 3.1. There exists a number p, 0 < p < 1, such that the coefficients in
(3.11) satisfy the inequality

apy < pttt (3.13)

Proof. 1t follows from (3.11) with I' = iR, (3.1), (3.3) and properties of Riemann
mappings that

|61 (2(2) ") 1 (B (= |dz| /|B O e _
~ ] eV ()2 (- z) NI~ max{l ER

where p = \/maxzem |B(®(2)"1)| < 1.0
Introduce the function

h(w) = B(c1>( - \I/(w_l))_l) (3.14)
and the number
p = lrtrul‘ax |[h(w)] <1 (3.15)

(the inequality follows from (3.3)).
THEOREM 3.2. The following error estimate holds:

1X = Xl S mp™ (3.16)
Proof. Let T' = OW. Making in (3.11) the change of variable z = W¥(w™1),
dz = =V (w™Hw2dw, we get

ap) = — / (bk(q)(z)*l)(bl(q)(_z)—l)dz
: D(2) W (D(2)) D(—2) V' ((—2))

or(@( - w(w ) ") dw
wd(— W(w1)) v (<I>( - W(w*)))

= / o1 (w)

Jw|=1
/ or(w 1/2]gz( Ydw =1 / or(w )[lmgl(w)eXp(iArgw)|dw|,
|w]=1 wj=1
where
() m u:¢(7\y(w71)) ) if [ is even,
p= Vi -
17@(0)—114—1 . w\I”(u) u:d)(—\I/(wfl)> s lfl 1S Odd

All the functions h, g; and exp(i Argw) are smooth on the unit circumference. Ac-
counting for the orthogonality (3.4), the definition (3.15) and Parceval’s theorem, we
derive the inequalities

oo
Z a%,l S Pl

k=0
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and
>3 s )
k=01=2m

Analogously, exploiting in (3.11) the contour —90W, we “symmetrically” obtain
the inequality

DY ai S (3.18)
k=2m 1=0
Combining (3.12), (3.17) and (3.18) yields
> ap, S P (3.19)

k€N, max{k,l}>2m

Setting jo = [m logp} and exploiting (3.19) and (3.13), we obtain

log p
Yoo lanl= > lak,i| + > |ak.

max{k,l}>2m max{k,l}>2m, k+1<jo max{k,l}>2m, k+1>jo

< Jo Z a%l + jop” S mp™.
max{k,l}>2m

Substitution of this into (3.12) gives (3.16). O

The scheme of the proof is quite general for projection-type methods, as empha-
sized by the following remark.

REMARK 3.3. With a similar approach as in the proof of Theorem 3.2, and using
plain Faber polynomials instead of Faber—Dzhrbashyan rational functions, one can
obtain the following error estimate for solving the same Lyapunov equation (1.1) with
B = b by means of m steps of Arnoldi’s method, that is, within the standard Krylov
subspace (]26]):

I1X — Xl S mp™, where p=|®(—amin)|”' and  amin = minRAW. (3.20)

The closed form expression for p is obtained due to the convexity of canonical domains
for the convex compact W.* This result generalizes the ones in [28].

Our experience with bound (3.16), and specialized results for A symmetric ([21])
seem to show that the factor m is an artifact of our proof methodology, and that
[IX — Xl = O(p™) may be a realistic estimate. For this reason, our further discus-
sion focuses on the leading term p". In fact, relying on the results of our numerical
experiments partially reported below (cf. Example 5.4-4.4), we would like to formu-
late the following conjecture which, if true, would considerably sharpen the result of
Theorem 3.2 and of available bounds especially for p close to one.

CONJECTURE 3.4. Under the conditions of Theorem 3.2, the following estimate
is valid:

pm
X = Xl S T (3.21)

4The authors thank V. Dubinin and S. Suetin for indicating the fact that this convexity follows
from [13, Ch. 4, § 5].
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We think that one way to improve (3.16) is to account for the non-constancy of
|h(w)| on the unit circumference in the integral formula for aj;. However, it can
be realized that the estimate (3.21) cannot be derived from (3.12); thus, to achieve
(3.21), a different estimation strategy should be adopted. Conjecture 3.4 appears to
be particularly appropriate as p — 1, that is for difficult problems, where p" becomes
looser.

In the following sections we report on numerical experiments that confirm the
quality of the bound in Theorem 3.2, and the appropriateness of our setting. In some
specific case, such as A symmetric, the estimates are simplified thanks to the explicit
knowledge of the Riemann’s mapping. Unless explicitly stated, our experiments use
the vector of all ones as b, normalized so as to have unit norm.

4. Numerical evidence. Symmetric A. We first give an explicit form for the
convergence factor p in terms of the extreme eigenvalues of A.

PROPOSITION 4.1. Let A be symmetric and positive definite with spectral interval
[Amin, Amax], and define & = Apax/Amin- Then

kYA -1 g

Proof. We show that the function B(u) defined in (3.2) has a single local max-
imum for v € R, attained at some uy; since such uy is contained in the image of
(®(—T(1/w)))~" with |w| = 1, we will conclude that p = B(uy) = ((k*/*—1)/(x"/* +
1))2.

Let ¢ = ()\mdx + Amin)/2, 7 = max — Amin)/2. We first recall that for real
segments, ®(z) = (z — ¢)/r + /(2 — ¢)?/r?2 — 1, or its reciprocal, so that |®(z)| > 1.
Moreover, U(w) = ¢+ r(w + 1/w)/2.

We have

max
|w]|=1

1 1
Bl— )| = Bl-—)|= B
(@(qf(w)))‘ e <<I><A>)’ S B

where £; = 1/®(—Apin) and o = 1/P(—Apax). The function B = B(u) is positive for
®(0)~! < u < 0, and because of the monotonicity of ®, ®(0)~! < 1/®(—Apmin) = 41,
therefore B is positive in [¢1, f2]. Hence,

max
w|=1

5 (g | =, P>

For u € R, B'(u) = ®(0)(u? — 20(0)u + 1)/(®(0) — u)?. Therefore, B has the
following two critical points: ug = ®(0) & /®(0)2 — 1, where
-1
2
8(0) = <_C /(6 - 1) = - YZmax ¥V omin (42)
r r max mln

A sign analysis of B’ shows that B increases between u_ and u. and decreases on
the right of uy, which implies that u4 is a local maximum point. After some little

algebra we can write that B(us) = B(®(0) + 1/®(0)? — 1) = w3 . Explicitly writing
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uy in terms of Apnin, Amax We obtain

|u+‘ — V de + vV mll’l + ( \% max + \% mln) 1
V max vV mll’l \% max V mm

_ V Amax + V )\Inin + 2(AminAmax)l/4
\/Amax - \/)‘min \/)\max - \/Amin
)\1/4 _ )\1/4 1/4

max min R -1

= )\1/4 _’_)\1/4 T oRUAyT

max

Using (4.2) it can be verified that (—Amax—¢)/r < ®(0) < (—=Amin—c)/r, therefore
again for the monotonicity on R of Riemann maps for real-symmetric domains on R,
we have that uy € [¢1,f2]. In addition, it can also be verified that u_ < —1 < ¢;.
Therefore, B(u.y) is the maximum in [¢y, 2], completing the proof. O

10’

T T
R — X=X XX I
[ep——— m \\ m
p . ---p

10

norm of error
=
1S

10*10 L

. . .
0 5 10 15 20 0 10 20 30 40 50 60
number of iterations number of iterations

Fic. 4.1. True error norm and asymptotic estimate for A symmetric. Left: Spectrum in
[0.1,10]. Right: Spectrum in [0.01,100].

ExXAMPLE 4.2. We consider a 5000 x 5000 diagonal matrix A with eigenvalues
A = c+rcos(d), e = (10+1/10)/2, r = (10—1/10) /2, and with 6 uniformly distributed
in [0, 27, so that the eigenvalues belong to [0.1, 10]. These values give p = 0.26987 in
(4.1). The true convergence history and the estimate are reported in the right plot
of Figure 4.1, showing the good agreement of the a-priori bound with respect to the
actual error norm. Here and in the following the Frobenius norm is used.

EXAMPLE 4.3. In this example the diagonal matrix A of size n = 10000 has
higher condition number, having spectrum uniformly distributed in [0.01,100], gen-
erated as in Example 4.2. This setting gives p ~ 0.66942. Here b is a random vector
with normally distributed values and unit norm. The true convergence history and
the estimate are reported in the right plot of Figure 4.1, showing once again the good
agreement of the leading a-priori bound p" with respect to the actual error norm also
for a higher condition number.

ExXAMPLE 4.4. We wish to numerically justify our Conjecture 3.4. To clean out
the influence of adaptation to a discrete spectrum from the results of our numerical
experiments, we used the rational Krylov quadrature [7, § 3] initially designed for
computing scalar products in the space La(]—1, 1[; (1—22)~2). Let the Hilbert space H
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be the result of linear translation of the independent variable in Lo([—1, 1]; (1—22)~2)
from [—1, 1] to the spectral interval of a symmetric matrix A. Let A be the operator
of multiplication by the independent variable in H. If A is a diagonal matrix, whose
eigenvalues are the nodes of the n degree quadrature with suitably chosen shifts, and
if the vector b € R™ consists of the square roots of the quadrature’s weights, then a
rational Krylov process (and thus also the Extended Krylov method) with A and b
up to step n — 1 gives the same error as the rational Krylov process in ‘H with the
operator A and the initial “vector” 1 (the constant function “unit” from H). Since
the spectral measure of the pair (A, 1) is regular and its support is a segment, such an
example shall not show adaptation. The true convergence curve and the conjectured
rate p"/y/m for these data are reported in Figure 4.2, for n = 5000 (the value of n is
shown for completeness) and spectral interval [0.002,500]. The true rate is optimally
captured throughout the convergence history.

norm of error
15

. . . . . . . . .
0 0 2 30 4 0 6 70 8 9% 100
number of iterations

Fic. 4.2. Ezample 4.4. True error norm and asymptotic estimate (solid line) of Conjecture 3.4
for A symmetric. Spectrum in [0.002, 500].

4.1. Further considerations for A symmetric. In [21] an estimate of the
error norm || X — X, || for A real symmetric was proposed. In our notation, the bound
in [21] can be written as

X = Xl < (1 + (4.3)

Amin VA \VE+1

where Amin = 2v/ A maxAmin and & = %(\/)\min + vV Amax)?/VAmaxAmin- Here we pro-
pose a simple derivation of the estimate in [21] by rewriting the Extended Krylov
subspace approximation in terms of the Standard Krylov subspace with a suitably
chosen coefficient matrix, and then by applying the bounds in [28].

We consider the two equivalent equations

)\min

Amax) 1 VR (x/ﬁ—1>m7

AX + XA* +bb* =0, A X4+ XA*+ A *A* =0.

We multiply the second equation by v2, where v € R, v > 0, and we sum the two
equations and obtain the new equivalent one:

(A+y?A X + X(A+2A Y 4 b, d[b,c]* =0, c=~A"1h.
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Analogously, Y solves the following two equivalent equations:
HmY +YH +ere; =0, H'Y +YH,*+H, ereiH,," =0,
so that we can write once again
(Hom + Y’ H)Y +Y (Ho + 7 HL D+ [e1,vH e]fer, v Ry, e = 0.

Therefore, we can write the analytic solutions as

X= [ exp(—t(A+~2A7)[b,yAT B [b, yAT 0] exp(—t(A +y* A7) dt,
0

and
Xm =QmYQ, = / T ()2 (0)*dt, Ty (t) = O exp(—t(Hum + 7> H,, ")) ler, vH,, eal.
0

We next recall from [19] that polynomials of degree up to m — 1 in A +~v2A~! with
vector b or A~1b can be represented exactly in the Extended Krylov Subspace, that
is,

pr(A+2 AN b, yAT'Y] = Qupr(Hm + Y H,,1))er, vHo e,

where py, is a polynomial of degree k¥ < m — 1. Therefore, the obtained approximation
X, belongs to EK,,,(A,b). It is interesting to remark that the derivation up to this
point is very general, and it also applies to the nonsymmetric case. However, it is not
completely clear how the optimization performed below could be generalized to the
nonsymmetric case, and whether this approach would lead to a sharp estimate of the
convergence rate.

If ©;, denotes the Chebyshev polynomial of degree k, then the exponential function
of the matrix —t(A+~2A~"!) can be expanded in terms of Chebyshev series as follows
(see, e.g., [28]):

exp(—t(A+ A7) b,y AT =Y " nO(A+ 72 A7) b,y A D]
k=0

=Qu exp(—t(Hm + 7 Hy,))er, YHy ea] + Y @k (A+ 72 A7) [b,7A™Y].

k=m

This setting allows us to use the estimate in [28] for A = A +42A~! symmetric.
We only need to chose v so as to minimize x(A 4+ y2A~1). This is determined next.
But first, we would like to remark that the fact that polynomials in A + 2A~!
are exactly represented in the Extended Krylov subspace does not necessarily imply
that the obtained bound is sharp. In other words, the Extended Krylov subspace
solution could be the result of a possibly better rational function in A, A='. Our
argument below seems to support the claim that using A + v2A~! does yield the
desired formulation, at least in the symmetric case.

LEMMA 4.5. Let A be symmetric with spectral interval [a, ]. We have

. 2 4—1y _ Sy _atp 1
7£1é1]1£1+/<;(/1+'yA )=k(A+aBA™ ") = 5 Jad
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attained at v = /aB, and Apin(A + aBA™Y) = 2v/af, Amax(A + aBA™Y) = a + .

Proof. Let f,(A\) = X+ ~?/A. It holds that minyc(o 5 fy(A) = 27, while
maxye(q,g] f(A) = max {a + L—Q, 8+ %2} . By collecting the two extremes we obtain
k(A +~2A) = $ max {% + 3, % + %} . The minimum over all possible 7 is obtained
when the two quantities are equal, that is for v = /a3. O

Using the bound in [28, Proposition 3.1] for the symmetric matrix A = A+aBA~!
we obtain

[X = Xon|| < 4

Va+l (Va-1\" s

= | = I [b,yA™ 0] |

22Amin(A)VE \ VE +1

where ® = (Amax(A) + Amin(A))/(2Amin(A)). Using the formulas for the extreme
eigenvalues in Lemma 4.5 we find & = (y/a + v/B3)?/(4v/af), which is precisely % in

(4.3). We conclude this discussion with a comparison between the rate VE=L and p
VE+1

given in (4.1). We have

\/E -1 o \/)‘min + \/Amax - 2\4/>\min>\max o (>\rln/ai1x - /\Iln/li)z o
VE1 Ve + 2 i (A A2 T

min

Therefore, our convergence rate p in (4.1) coincides with that in [21].

Finally, we would like to compare the convergence rate for A symmetric, obtained
by the Extended Krylov subspace method, with that obtained either by the Standard
Krylov method ([28]) or by the ADI method with a single pole. In the latter case,
the rate is known to be ([23, (2.12)])

2

. 1—-+vk1 Amax

adi " | ——F—=] , K .
1++Vk1

In Figure 4.3 we show the different rates of convergence (considering p'/? for the
Extended Krylov subspace) as Amax varies in [10%,10°] and Apin = 1. The curves
clearly show that the Extended Krylov subspace provides the best (smallest) rate
among the considered methods, with a significant gap for large condition numbers.

5. Numerical evidence. Nonsymmetric A. We first derive an explicit for-
mula for p in the case of a disk.

PROPOSITION 5.1. Assume that W(A) C CT is a disk with center ¢ > 0 and
radius r < c. Then

B ! r ith R(w,) = ——, Jw,| =1
= = w1 w = ——, (W = 1.
p @(7\:[/(“)*_1)) 402 _ 37‘27 * C’ *

Proof. For a disk D(¢,r), ®(z) = (2 — ¢)/r, for z in the exterior of D(¢,r) and on
0D(c,r); moreover, ¥(w) = ¢+ rw, |w| = 1. Note that ¥(1/w) = ¥(w), therefore we
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Fic. 4.3. Convergence rate of competing methods as the condition number of the symmetric
and positive definite matrix A increases.

can directly work with ¥(w), |w| = 1. Let @ = r/c. After some little algebra we have

F(@<§@1»N:

W rew 4+ r?
2cw +1 (2¢2 — r2)w + cr
cw—+r
(2cw +7)((2¢2 — r2)w + cr)
w+ «
2w+ a)((2 — a?)w+ )

2

2

a2

2(2 —-a?)

w+ «
(w+ §)(w+ 752)

, (5.1)

where we used the fact that |w| = 1 and 0 < o < 1. Using once again |w| = 1, we
have

o + of? _ 1+ 0?4+ 2aR(w)
@7 D)0+ 5P (L4 %+ aR@)(L+ a2/(2 - a?)? +2a/(2 - D R(w)
= fo e+ R(w)
(122 ) (tgttiemes 4 gy
B P1 + R(w) —. w
= B0y T (W) (B 1 Ty )

where (;(a) are positive constants only depending on a.
Critical points of f are obtained for f/(%(w)) = 0, whose numerator, except for
the positive constant 3y, equated to zero gives

—R(w)? = 28:R(w) + Boffs — B1B2 — 183 = 0,



Convergence analysis of the EKSM for the Lyapunov equation 13

which yields R(w) = —fp1 F \/ﬁf + B3 — 102 — $103. A sign analysis shows that
the local maximum of f is obtained for the root w, with positive square root sign.
Some tedious algebra shows that the square root argument can be written as

—ab+4a* —5a2+2  —(a® —1)*(a? - 2)

Bt + B2 — P12 — 183 =

4a2(2 — a?) N 402(2 —a?)
so that
1+a?2 1-a? r
R(w,) = — = ——.
(w ) 2 + 2c c

Substituting in (5.1) we find p = a?/(4 — 3a?) = r?/(4c¢®> — 3r%). We conclude by
observing that substituting w = £1 into (5.1) we obtain that |[B(1/(®(—T¥(£1))))| =
a?/(4—a?) <p. O

norm of error

0 5 10 15 20 25 30 35 40
number of iterations

Fi1G. 5.1. Ezample 5.2. True error norm and asymptotic estimate p™ for W (A) being a disk.

EXAMPLE 5.2. Our first experiment for A nonsymmetric aims to confirm the
result of Proposition 5.1. We consider the 5000 x 5000 upper bidiagonal matrix with
diagonal ¢ and off-diagonal r, with ¢ = (¢ + 1/¢g)/2 and r = (g — 1/g)/2 and g = 6,
resulting in W (A) being tightly enclosed in the disk of center ¢ and radius r, yielding
p = 0.68018. Figure 5.1 displays the true convergence rate and the leading asymptotic
estimate p"™ as predicted by Theorem 3.2 with the help of Proposition 5.1. The slope
is well captured by the a-priori estimate.

ExaMPLE 5.3. We consider an external mapping from the family used for instance
n [14], [28],

1.5
Y(w) =2+2 <1 + i}) w, lw| > 1. (5.2)

The function ¢ maps the exterior and boundary of the unit circle onto the exterior
of a wedge-shaped convex set Q in C* (cf. left plot of Figure 5.2). We consider
the 500 x 500 (normal) diagonal matrix A whose eigenvalues are the image through
1 of uniformly distributed points on the unit circle. The optimal rate is computed
numerically as the maximum of the function h in (3.14), yielding p ~ 0.051971.
The true convergence history and the estimated convergence curve with leading term
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Fic. 5.2. Ezample 5.3. Left: spectrum of A. Right: True error norm and asymptotic estimate
for W(A) enclosed by a wedge-shaped curve.

p"™ are reported in in the right plot of Figure 5.2, confirming once again the good

agreement of the bound.

ExXAMPLE 5.4. We generalize Example 4.4 to the nonsymmetric case to numer-
ically verify our Conjecture 3.4. Since we are not aware of a rational quadrature
like the one in [7, § 3] for the non-Hermitian case, we content ourselves with the
construction of an approximately adaptation-free test for a disk, by orthogonally lift-
ing the eigenvalues (rational Chebyshev nodes) from the corresponding segment to
points on the given disk’s boundary (circumference). The data used to generate the
results of Figure 5.3 were obtained for n = 100000 and a disk with ¢ = (g + 1/g)/2,
r=(g—1/g)/2 and g = 50. Because of the problem size, the residual norm is plotted
rather than the error norm. The plot shows how well the rate p™/\/m captures the
true (slow) asymptotic regime, which is missed by p™.

— IRl

norm of residual

. .
0 50 100 150
number of iterations

Fic. 5.3. Example 5.4. Residual norm and estimate of conjecture 3.4 for the disk W: WNR =
[0.02,50]. A normal with spectrum on OW.
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6. Conclusions. In this paper we have analyzed the convergence of the Ex-
tended Krylov subspace method for numerically solving large scale Lyapunov equa-
tions. Our main Theorem 3.2 shows that after m iterations the error norm decreases
as least as mp™, where p is related to information on the field of values of the co-
efficient matrix. We also conjecture that the faster rate p™/y/m should hold, which
appears to be appropriate in some specifically chosen tough numerical examples.

REFERENCES

[1] A. C. Antoulas. Approzimation of large-scale Dynamical Systems. Advances in Design and
Control. STAM, Philadelphia, 2005.

[2] B. Beckermann. Image numérique, GMRES et polynomes de Faber. C. R. Acad. Sci. Paris,
Ser. I, 340:855-860, 2005.

[3] B. Beckermann and L. Reichel. Error estimation and evaluation of matrix functions via the
Faber transform. SIAM J. Numer. Anal., 47(5):38493883, 2009.

[4] P. Benner, V. Mehrmann, and D. Sorensen (eds). Dimension Reduction of Large-Scale
Systems. Lecture Notes in Computational Science and Engineering. Springer-Verlag,
Berlin/Heidelberg, 2005.

[5] A. Bultheel, P. Gonzélez-Vera, E. Hendriksen, and O. Njastad. Orthogonal rational functions.
Cambridge University Press, Cambridge (UK), 1999.

[6] M. Crouzeix. Numerical range and numerical calculus in Hilbert space. J. Functional Analysis,
244:668-690, 2007.

[7] Joris Van Deun, Karl Deckers, Adhemar Bultheel, and J. A. C. Weideman. Algorithm 882:
Near best fixed pole rational interpolation with applications in spectral methods. ACM
Transactions on Mathematical Software, 35(2):14:1-14:21, July 2008.

[8] V. Druskin and L. Knizhnerman. Extended Krylov subspaces: approximation of the matrix
square root and related functions. STAM J. Matriz Anal. Appl., 19(3):755-771, 1998.

[9] M. M. Dzhrbashyan. On decomposition of analytic functions in a series in rational functions
with a given set of poles. Izv. AN Arm. SSR, ser. fiz.-matem. n., 10(1):21-29, 1957.

(10] S. W. Ellacott. On the Faber transformation and efficient numerical rational approximation.
SIAM J. Numer. Anal., 20(5):989-1000, Oct. 1983.

[11] D. Gaier. The Faber operator and its boundedness. J. of Approxz. Theory, 101(2):265-277,
1999.

[12] S. K. Godunov. Lectures on modern aspects of linear algebra. Nauchnaya Kniga (IDMI),
Novosibirsk, 2002. (In Russian).

[13] G. M. Goluzin. Geometric Theory of Functions of a Complex Variable. Translations of Math-
ematical Monographs. AMS, 1969.

[14] M. Hochbruck and C. Lubich. On Krylov subspace approximations to the matrix exponential
operator. STAM J. Numer. Anal., 34(5):1911-1925, 1997.

[15] M. Hochbruck and G. Starke. Preconditioned Krylov subspace methods for Lyapunov matrix
equations. SIAM Matriz Anal. and Appl., 16(1):156-171, 1995.

[16] C. Jagels and L. Reichel. The extended Krylov subspace method and orthogonal Laurent
polynomials. Lin. Alg. Appl., 431:441-458, 2009.

[17] 1. M. Jaimoukha and E. M. Kasenally. Krylov subspace methods for solving large Lyapunov
equations. SIAM J. Numer. Anal., 31(1):227-251, Feb. 1994.

[18] K. Jbilou and A.J. Riquet. Projection methods for large Lyapunov matrix equations. Linear
Algebra and its Applications, 415(2-3):344-358, 2006.

[19] L. Knizhnerman and V. Simoncini. A new investigation of the extended Krylov subspace
method for matrix function evaluations. Numerical Linear Algebra with Applications,
xx:1-17, 2009. To appear.

[20] G. S. Kocharyan. On approximation by rational functions in the complex domain. Izv. AN
Arm. SSR, ser. fiz.-matem. n., 11(4):53-77, 1958.

[21] D. Kressner and C. Tobler. Krylov subspace methods for linear systems with tensor product
structure. Technical Report SAM-2009-16, ETH Zurich, 2009.

[22] Peter Lancaster. Explicit solutions of linear matrix equations. SIAM Review, 12(4):544-566,
1970.

[23] An Lu and Eugene L. Wachspress. Solution of Lyapunov equations by Alternating Direction
Implicit iteration. Computers Math. Applic., 21(9):43-58, 1991.

[24] F. Malmquist. Sur la détermination d’une class de fonctions analytiques par leur valeurs
dans un ensemble donné de points. In Comptes Rendus du Siziéme Congrés (1925) des



16

[25]

[26]

27]
28]
[29]
(30]
(31]
(32]

(33]

L. Knizhnerman and V. Simoncini

mathématiciens scandinaves, pages 253—259. Kopenhagen, 1926.

T. Penzl. A cyclic low-rank Smith method for large sparse Lyapunov equations. SIAM J. Sci.
Comput., 21(4):1401-1418, 2000.

Y. Saad. Numerical solution of large Lyapunov equations. In M. A. Kaashoek, J. H. van
Schuppen, and A. C. Ran, editors, Signal Processing, Scattering, Operator Theory, and
Numerical Methods. Proceedings of the international symposium MTNS-89, vol III, pages
503-511, Boston, 1990. Birkhauser.

W. H. A. Schilders, H. A. van der Vorst, and J. Rommes. Model Order Reduction: Theory,
Research Aspects and Applications. Springer-Verlag, Berlin/Heidelberg, 2008.

V. Simoncini and V. Druskin. Convergence analysis of projection methods for the numerical
solution of large lyapunov equations. SIAM J. Numer. Anal., 47(2):828-843, 2009.

Valeria Simoncini. A new iterative method for solving large-scale Lyapunov matrix equations.
SIAM J. Sci. Comput., 29(3):1268-1288, 2007.

P. K. Suetin. Series of Faber Polynomials (Analytical Methods and Special Functions). Gordon
and Breach Science Publishers, Amsterdam, 1998. Translated by E. V. Pankratiev.

S. P. Suetin. On the Montessus de Ballore theorem for nonlinear Padé approximations of
orthogonal expansions and Faber series. Dokl. AN SSSR, 253(6):1322-1325, 1980.

S. Takenaka. On the orthogonal functions and a new formula for interpolation. Japanese
Journal of Mathematics, 2:129-145, 1925.

J. L. Walsh. Interpolation and Approzimation by Rational Functions in the Complexr Plane.
Amer. Math. Soc., Providence, RI, 1965.



