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COMPUTING THE KREISS CONSTANT OF A MATRIX*
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Abstract. We establish the first globally convergent algorithms for computing the Kreiss con-
stant of a matrix to arbitrary accuracy. We propose three different iterations for continuous-time
Kreiss constants and analogues for discrete-time Kreiss constants. With standard eigensolvers, the
methods do O(n®) work, but we show how this theoretical work complexity can be lowered to O(n*)
on average and O(n®) in the worst case via divide-and-conquer variants. Finally, locally optimal
Kreiss constant approximations can be efficiently obtained for large-scale matrices via optimization.
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Notation. || - || denotes the spectral norm, o, () the smallest singular value,
and A(-) the spectrum. A matrix A € C?*"*?" is Hamiltonian if (JA)* = JA
and symplectic if A*JA = J, where J = [_01 é] A matrix pencil A — AB, where
A,B € C?"*?"_is symplectic if A*JA = B*JB. Euler’s number, 2.71828..., is
denoted by e. I, is the n x n identity, though we will often omit the subscript when
the dimension is clear.

1. Introduction. Given a matrix A € C"*", the ordinary difference equation
(1.1) Tp1 = Axy,

is asymptotically stable if A is Schur stable, i.e., if p(4) < 1, where p denotes the
spectral radius. While p(A) tells one about the asymptotic behavior of (1.1), it does
not convey information about its transient behavior. For that, we can look at the
Kreiss Matrix Theorem, which says for any matrix A € C**™ [30, eq. 18.2]

(1.2) K(A) < sup ||A¥|| < enk(A),
k>0
where the Kreiss constant K(A) is given by [30, p. 143]
(1.3) K(A) = sup (2] = 1)[(z] = A7
z€C,|z|>1

As also noted in [30, p. 143], K(A) has an equivalent formulation of
A)—1
(1.4) K(4) = sup =B =L
e>0 €
where the e-pseudospectral radius p. is defined by
(1.5a) pe(A) = max{|z] : z € A(A+ A),||A|| < ¢}
(1.5b) =max{|z| : 2 € C,||(z2] — A)7|| > e}
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For any matrix A € C"*", K(A) > 1, and K£(A) may be arbitrarily large. As is well
known, a matrix A is power-bounded, i.e., K(A) < oo, if and only if p(A) < 1 and all
eigenvalues of A with modulus 1 are nondefective. If A is normal and p(A) < 1, then
K(A) =1.

As discussed in [30, p. 177], the original statement by Kreiss in 1962 [19] actually
had a far looser upper bound than (1.2): approximately ¢"" K (A). The reduction of
the constant factor to its current form in fact occurred over nearly 30 years in at
least nine separate steps, with Spijker proving the conjecture of [24, p. 590] to finally
obtain the (in a certain sense) tight factor of en in 1991 [29].

The Kreiss Matrix Theorem also comes in a continuous-time variant for an ordi-
nary differential equation

(1.6) i= Az,

which is asymptotically stable if A is Hurwitz stable, i.e., if «(A) < 0, where « denotes
the spectral abscissa. In this case, the Kreiss Matrix Theorem states that [30, eq. 18.8]

(1.7) K(A) < sup |le!] < enk(A),
>0

where, by [30, eq. 14.7], K£(A) is now equivalently given by either

(1.8) K(A) = sup (Rez)||(z] — A7
z€C,Re z2>0
(1.9) K(4) = sup 22,

and where the e-pseudospectral abscissa a. is defined by

(1.10a) a:(A) =max{Rez:z € A(A+ A),[|[A]| <}
(1.10b) =max{Rez:2z€C,||(z] — A7 >}

Like the discrete-time case, K(A) > 1 and can be arbitrary large. If A is normal and
a(A) <0, then £(A) = 1.

Despite the wealth of work done over decades towards making the upper bound of
the Kreiss Matrix Theorem now tight, there has been no algorithm given to actually
compute K(A) with guarantees. In the literature, IC(A) is often just approximated by
plotting (1.4) or (1.9); e.g., see [13] and [25, Chapter 3.4.1].

In this paper, we propose the first globally convergent algorithms to compute both
continuous- and discrete-time Kreiss constants to arbitrary accuracy. We assume that
A is nonnormal, as otherwise computing its Kreiss constant just involves checking if A
is unstable. Furthermore, we assume that a(A) < 0 or p(A) < 1 holds, respectively, in
the continuous- or discrete-time case. With standard eigensolvers, the three different
methods we propose all have O(n®) work complexities,! but by also developing so-
called divide-and-conquer variants, we show how this theoretical work complexity
reduces to O(n*) on average and O(n®) in the worst case. Our work also shows that

1We use the standard convention of treating dense computations of singular values, eigenvalues,
solutions of Sylvester equations, etc., as atomic operations with cubic costs in the dimensions of
the associated matrices. We additionally assume these costs become linear in the dimension of the
matrices when corresponding sparse methods are available.
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locally optimal approximations to /C(A) can be efficiently and reliably obtained for
large-scale matrices via standard optimization techniques. Furthermore, we establish
some variational properties of Kreiss constants, including that the Kreiss constant of
a matrix A is not a continuous function with respect to the entries of A. Finally, as
a side effect of our work, we also propose an important modification to the distance-
to-uncontrollability algorithms of [14, 9, 15] to greatly improve their reliability in
practice.

The contributions of the paper are structured as follows. In section 2, we in-
troduce the so-called distance to uncontrollability and present a theorem of Gu [14,
Theorem 3.1] and distance-to-uncontrollability algorithms that are based upon it. In
section 3, we establish variational properties of Kreiss constants that we will need and
show that there is a potentially exploitable similarity to computing the distance to
uncontrollability. Then, in section 4, we develop theorems for continuous-time KC(A)
that are analogues of the aforementioned theorem of Gu, but nevertheless show that,
due to key structural differences, existing distance-to-uncontrollability algorithms will
not directly extend to Kreiss constants. By developing a so-called globality certificate
in section 5, we present our first algorithm for computing continuous-time Kreiss con-
stants, which is an optimization-with-restarts method using backtracking, and then
establish an asymptotically faster divide-and-conquer variant that is inspired by [15].
We then modify the premise of our globality certificate in a crucial way in section 6
to develop a second certificate with significant structural differences and properties;
this alternative certificate enables two other algorithms for continuous-time IC(A),
an optimization-with-restarts method without backtracking and a trisection iteration,
which can be considered closer analogues of the distance-to-uncontrollability algo-
rithms of [9]. Faster divide-and-conquer versions of these two methods are also devel-
oped. In section 7, we consider the case of discrete-time K(A) and present discrete-
time analogues of all of our continuous-time algorithms and associated theoretical
results; to the best of our knowledge, this is also the first extension of the 2D level-set
ideas of [14] to a discrete-time setting, and it turns out to have surprising differences.
Numerical examples are presented in section 8, with concluding remarks made in
section 9.

For this paper, the following general definition and two theorems will be needed.
The theorems can be found in several places in various forms, such as [21, 28] and
[23, Theorem 13.16], respectively.

DEFINITION 1.1. Given a domain  C R, a function f : Q@ — R has a global
Lipschitz constant (GLC) of ¢ > 0 if |f(z) — f(y)| < ¢l —y| for all x,y € Q.

THEOREM 1.2. Forx,y € R, let A(z,y) be a twice-differentiable n x n Hermitian
matriz family, and for a point (Z,7), let \y > --- > X\, be the eigenvalues of A(Z, 1)

with associated unit-norm eigenvectors qi,...,q,. Then, assuming \; is unique,
x« 0A(#,9) .« O0A(2,9)
Gy — g PAGE) QZ G ox "9 oy
oxdy N . o 4; Oxdy 4; s — A\ :
T=&,y=9 k#j J k

THEOREM 1.3. Let A € C"*™ with \; € A(A) for j =1,...,n and B € C™*™
with p, € A(B) fork=1,...,m. Then the Kronecker sum A®@B =1, A+ BRI,
has eigenvalues \; + uy, for all pairs of j and k.
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2. Computing the distance to uncontrollability. Given A € C"*" and
B € C"*™_ consider the linear control system

(2.1) & = Az + Bu,

where the state x € C" and u € C™, the control input, are both dependent on
time. The system (2.1) is controllable if given respective initial and final states z(0)
and x(T) with T' > 0, there exists a control u(-) that realizes some trajectory z(-)
with endpoints 2(0) and z(T'). The distance to uncontrollability, which we denote as
7(A4, B), can be computed via solving the nonconvex optimization problem [12]

2.2 A, B) = mi min A—=zI Bj|)= i y Y )y

(2.2) 7(A,B) = minowin (4~ 21 B]) = min f(z,y)

where f(2,y) = omin(F(2,y)) and F(z,y) = [A — (z +iy)] B]. The first practical
algorithm to address computing 7(A, B) is due to Gu [14], based on the following
result [14, Theorem 3.1].

THEOREM 2.1. Let v,n > 0 be given. If 7(A, B) < and n € [0,2(y — 7(4, B))],
then there exists a pair x,y € R such that

(2.3) flzy) = f(x+ny) =7

COROLLARY 2.2. Let v, > 0 be given. If there do not exist any pairs x,y € R
such that (2.3) holds, then

(2.4) 7(A,B)>~y—1.

The proof of Theorem 2.1 relies on the fact that f(x,y) has a GLC of 1 with
respect to either x or y.

What [14, section 3.2] additionally devised was a sequence of computations to
verify whether either (2.3) or (2.4) holds for a given choice of v and 7. This verification
procedure, when using exact arithmetic, is able to detect and find any points (x,y)
such that (2.3) is satisfied. If so, the test returns these points and 7(A4,B) < «v is
verified. Otherwise, the test asserts that no pairs satisfy (2.3) and so (2.4) instead
must hold. Using this procedure, Gu proposed a bisection-like scheme to estimate
7(A, B) to within a factor of two. For initialization, v := f(0,0) and 7 = . If the
test verifies that 7(A4, B) < +, then v and n are both halved (so n = ~ still holds),
and the test is done with these smaller values. Otherwise, (2.4) holds, and so v and
7(A, B) are within a factor of two and Gu’s method terminates.

As noted in [9, p. 358], it is tempting to try to obtain 7(A, B) to higher precision
via a true bisection method, i.e., one that would update both upper and lower bounds,
unlike Gu’s method, which only updates an upper bound. The problem with this
approach is that in order to ascertain whether the current estimate ~ is essentially a
lower bound to 7(A, B) via (2.4), one would have to perform the verification procedure
for n &= 0. Unfortunately, this is not tenable in the presence of rounding errors, as
Gu’s procedure becomes more and more numerically unreliable as 7 — 05 i.e., points
satisfying (2.3) may not be detected. Consequently, in practice, the lower bound
will generally be erroneously updated at some point, thus preventing convergence to
7(A,B).2

2In Key Remark 6.3, we discuss the unreliability of Gu’s procedure in more detail and explain
how our new tests avoid key numerical pitfalls. Besides being useful for our K(A) algorithms, our
modifications can also improve the reliability of the 7(A, B) methods of [14, 9, 15].
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Using Gu’s verification procedure (as Gu specified it, i.e., without modifications),
Burke, Lewis, and Overton instead proposed a trisection algorithm [9, Algorithm 5.2]
that balances how much the lower bound is updated with how quickly the value of n
is decreased, precisely to postpone the numerical unreliability of Gu’s procedure as
long as possible. Trisection works as follows. Let L := 0 and U = f(0,0) be initial
lower and upper bounds, respectively. Then on the kth iteration, n; == %(U — L) and
v, = L+ are set as the current values of n and  for the verification test. If the test
finds points satisfying (2.3), then the upper bound is updated to U := ;. Otherwise,
(2.4) holds, so we know that 7(A, B) > vy, — % = L+ "%, and so now the lower bound
can be updated to L := L + . Thus, the new interval has length 2(U — L). As
the trisection algorithm is linearly convergent, Gu’s verification procedure will have
to be invoked many times, which already is O(n®) work by itself using standard dense
eigensolvers. Thus, the trisection algorithm also has a large constant factor term
hidden away in its asymptotic work complexity. Also, trisection is not a panacea for
the numerical issues of Gu’s procedure; although 7, — 0 only in the limit, if 7(A, B)
is small, then 7, must become commensurately small in order for trisection to attain
any digits of accuracy; see Lemma B.1 and Corollary B.2 in Appendix B.

In the same paper, Burke, Lewis, and Overton also proposed a second algorithm
for 7(A, B) [9, Algorithm 5.3] and advocated it as preferable to trisection. This
optimization-with-restarts method also relies on Gu’s verification procedure, now as
a globality certificate, and additionally on the fact that f(x,y) is semialgebraic and
so f(x,y) only has a finite number of locally minimal values; see [9, p. 359]. This
second method thus works by using optimization techniques to find a minimizer of
(2.2) with function value fi and then uses Gu’s verification procedure with carefully
chosen values of v and 7 so that the test checks if fi is sufficiently close to 7(A4, B);
for some relative tolerance tol > 0, the specific values are v := f - (1 — 0.5 - tol)
and 7 := fi - tol.3 Otherwise, if fi % 7(A, B) to tolerance, the certificate provides
one or more new starting points from which optimization can be restarted with the
guarantee that a better (lower) minimum of (2.2) will be found; hence optimization
is restarted in a loop until the certificate indeed asserts that the desired accuracy
has been attained. By construction, fj is monotonically decreasing and optimization-
with-restarts must terminate with fp ~ 7(A, B) to tolerance in a finite number of
restarts. Although it is not clear exactly how many restarts will occur, only a handful
are typically needed in practice, if any. Furthermore, the optimization phases are
relatively cheap, requiring O(n?®) work with a relatively low constant factor, since
minimizers of f(z,y) can generally be found with superlinear or even quadratic con-
vergence. As a result, optimization-with-restarts is almost always many times faster
than trisection. However, optimization-with-restarts can still be susceptible to the
numerical difficulties of Gu’s verification procedure, since 7 itself may still become
very small, e.g., if either high accuracy is desired or 7(A, B) is small.

Finally, to address the high cost of Gu’s verification procedure, though not nec-
essarily its numerical issues, [15] proposed a divide-and-conquer strategy that lowers
the asymptotic work complexity of Gu’s procedure to O(n*) on average and O(n®) in
the worst case. This benefits all of the aforementioned algorithms.

3. Variational properties and the inverse of the Kreiss constant. We
now establish some variational properties of Kreiss constants, which in turn show that
locally optimal approximations to KL(A) can be efficiently computed via optimization,

3Note that [9] writes these in an equivalent but different form using §1 = v and d2 =y — g
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even if A is large. We also show how the problem of computing K(A) shares some
similarity with computing 7(A4, B). We begin with the following result.

LEMMA 3.1. The Kreiss constant K is not always continuous at A, as it may
instantaneously jump to/from oo. However, K is continuous at A if a(A) < 0 holds
(continuous-time case) or p(A) < 1 holds (discrete-time case).

Proof. We begin with the second part. If a(A) < 0, then 2I — A is invertible for
all z such that Rez > 0. By continuity of singular values, ||(2I — A)7!| in (1.8) is
continuous at A, and thus so is K(A). Via an analogous argument with (1.3), the
continuity claim also holds for the discrete-time case.

We prove the first part by example. Let A(8) := [ ~0® 7] for real scalar § > 0. As
A(9) is always normal and a(A(0)) = 0, K(A(0)) = 1 holds. However, as a(A(d)) >0
for any § > 0, K(A(d)) = oo for any 6 > 0. Using the same example with § > 1 for
the discrete-time case, we have that C(A(1)) = 1 and K(A(d)) = oo forall > 1. 0O

3.1. The continuous-time case. Identifying C with R?, consider the inverse
of the continuous-time Kreiss constant (1.8), i.e.,

-l (etil-AN
(31) ’C(A) - 93>IOI,15€]R Omin ( - = m>10171;§€Rg(z7 y)7
where
z+iy)l — A
(3:2) 9(2,9) = Cin(G(a,9) and  Glz,y) = ﬁggggégtggggﬂ

Like f(x,y), g(x,y) is semialgebraic, and so in the open right half-plane, g(zx,y)
must have only a finite number of locally minimal function values. We now derive
the gradient and Hessian of g(x,y) which will be useful for finding minimizers via
quasi-Newton or Newton methods. Although singular values can vary nonsmoothly
with respect to matrix entries, they are nevertheless locally Lipschitz, and so this
nonsmoothness is confined to a set of measure zero. We first need the first partial
derivatives of G(z,y) for x # 0:
0G(z,y) ol —((x+iy)l —A) A—iyl 0G(z,y) il

. = = d _— = —,
(3:3) ox 2 x? a Oy T

Let (&, ) be such that g(z,g) # 0 is a simple singular value of G(z, y) with associated
left and right singular vectors v and v. Then, by standard perturbation theory for

singular values, it follows that
u* BGB(J;»ZI) v

* 0G(z,y)
u By v

(3.4) Vyg(z,9) = Re

Now since g(z,y) = omin(G(2,y)) is also the nth eigenvalue (in descending order) of
the 2n x 2n Hermitian matrix

0 G(x,y)

(3.5) Gy 0|

V2g(2,9) can be computed by applying Theorem 1.2 to (3.5). Computationally, the
necessary first and second partial derivatives of (3.5) can be obtained via the first
partials given in (3.3) and the following second partial derivatives:

0*G(x,vy) B —2(A —iyl) 0*G(x,y) 0?G(x,y) —il

9z o , a7 =0, and ——— =

(3.6) i
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Although the full eigendecomposition of (3.5) is needed, it can actually be constructed
more or less for free given the full SVD of G(Z,); see [4, section 2.2] for details. If
(z,9) is additionally a distinct (up to conjugacy) global minimizer of g(zx,y), then
the gradient and Hessian of K(A)~! with respect to A are equivalent to the gradient
and Hessian of g(Z,¢) with respect to A. The gradient and Hessian of K(A) are then
simply obtained by applying the chain rule for the inverse.

The cost of obtaining g(&, ), its gradient, and its Hessian is O(n?), as they can all
be computed given the full SVD of G(&, §). Although (3.1) is technically a constrained
optimization problem, g(z,y) — oo as x approaches zero from the right, assuming
that iy is not an eigenvalue of A. Thus, just returning oo as the value of g(z,y)
whenever x < 0 suffices for using unconstrained optimization solvers to find feasible
local/global minimizers of (3.1). Provided g(z,y) is sufficiently smooth about its
stationary points, one can expect local quadratic convergence when using a Newton-
based optimization method and superlinear convergence with a quasi-Newton method
(forgoing the use of the Hessian). Note that scalable methods for computing smallest
singular values, e.g., PROPACK [22], can also be used to compute g(Z,¢) and its
associated pair of left and right singular vectors in order to obtain Vg(&,¢). Thus,
by combining such a sparse solver with a quasi-Newton method, one can efficiently
obtain locally optimal approximations to Kreiss constants of large-scale matrices.

Remark 3.2. One could also consider using optimization to find maximizers of
(1.9), which has the benefit of working with only one optimization variable instead of
two. However, computing a.(A) is substantially more expensive than the minimum
singular value of a matrix; the quadratically convergent criss-cross algorithm of [8] to
compute a.(A) as well as the faster method of [4] require computing all eigenvalues of
2n x 2n matrices, often several times. Moreover, we have just shown how the explicit
Hessian of g(z,y) can easily be computed in order to obtain faster convergence of
the iterates produced by optimization methods. Finally, for large-scale A matrices,
sparse methods for omin(A) are generally much faster and more reliable than those
for approximating a.(A) [16, 20].

That g(x,y) is not so dissimilar to f(z,y) for 7(A, B) indicates that it might
be possible to adapt Gu’s verification procedure to develop globality certificates for
g(x,y). Combined with the optimization techniques discussed here, this would enable
a globally convergent optimization-with-restarts method for Kreiss constants that
terminates within a finite number of restarts.

3.2. The discrete-time case. Again identifying C with R?, but now using
polar coordinates, consider the inverse of the discrete-time Kreiss constant (1.3), i.e.,

05 _ A
. A= inf oopn (LT o inf h(r6
(3.7) K(4) r>1,érel[o,27r)g < r—1 r>1,el)rel[o,27r) (r.9),
where
07
(3.8) h(r,0) = Gmin(H(r,0)) and H(r,@):#.
-

Naturally h(r,6) has the same key properties as g(x,y), i.e., it too is semialgebraic
and locally Lipschitz. Thus, h(r,6) has a finite number of locally minimal function
values, and we can consider using optimization to find minimizers of h(r, #). We will
need the analogous gradients and Hessian of h(r,8); for brevity, we just provide the
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first and second partial derivatives of H(r,0) for r # 1 here, which are, respectively,

_ i0r i0r i Y
(3.9) OH (r,0) _ (r—1)e"S — (reI — A) _ A= and OH (r,0) _ ire I,
or (r—1) (r—1)? 20 1
and
2 _ S U) 2 il 2 s i0
(3.10) OH(r0) _ —2AA-e]) OH(r6)  —re™l O°H(0) "l
or? (r—1)3 902 r—1 ol 1)

The costs to compute h(r,0) along with its gradient and Hessian also remain as
described in subsection 3.1 for g(x, y), and the variational results above similarly allow
the gradient and Hessian of KC(A)~! or K(A) to be computed in the discrete-time case.
To ensure that optimization returns a feasible minimizer to (3.7), it suffices to return
oo for the value of h(r,§) whenever r < 1; this is because for ¢!’ not an eigenvalue of A,
lim, 1+ h(r,0) — oo. Thus, locally optimal approximations to discrete-time Kreiss
constants can be computed efficiently for small- or large-scale matrices. To develop
a globally convergent algorithm, we will need to develop a discrete-time globality
certificate.

4. Continuous-time Kreiss constant analogues of Gu’s theorem and
their consequences. Before we present our globally convergent iterations for com-
puting Kreiss constants, we first develop analogues of Theorem 2.1 and Corollary 2.2.
For the time being, we consider continuous-time K(A) and begin by considering verti-
cally oriented pairs of points on the v-level set of g(x,y). For 7(4, B), Gu considered
pairs of level-set points oriented horizontally, but this choice was rather arbitrary.
However, as we will soon see, for Kreiss constants the choice of orientation does have
important consequences, both theoretically and for our new algorithms.

THEOREM 4.1. For A € C"*™ with a(A) < 0, let v € [0,1), n > 0, and (x4, ys)
be a global minimizer of (3.1). If K(A)™! <~ and n € [0,2z,(y — K(A)™1)], then
there exists a pair x,y € R with x > 0 such that

(4.1) g(x,y) =g(z,y+n) =1.

COROLLARY 4.2. For A € C"*™ with a(A) <0, lety € [0,1), n >0, and (z«, yx)
be a global minimizer of (3.1). If there do not exist any pairs x,y € R with x > 0
such that (4.1) holds, then

(4.2) KA)™ >y — 52

2z, "

To prove Theorem 4.1, we will use the following topology definition and result.

DEFINITION 4.3. Let A C C be a bounded open (path) connected set, and let AC be
its complement. Furthermore, let B = {z € C : z is in a bounded component of A°}.
Then AU B is the simply connected hull of A, which we denote AH.

LEMMA 4.4. Let A, B C C both be bounded open (path) connected sets. If there
exist points bin, bout € bd BY such that by, € A and boy, € A€, then bd ANbd B # @.

Proof. Since bd B C bd B, we can assume that by is in the interior of A€, as
otherwise the proof is done. As B is a bounded open simply connected set, bd BY
must be connected; see, e.g., [7, p. 345]. By way of contradiction, suppose that
bdANbdB = @. Then bdBY C bdB C AU int(A®). However, since by, € A,
bous € int(A°), and A and int(A€) are both open and nonempty disjoint sets, it
follows by definition of connected that bd B is in fact disconnected, a contradiction.
Thus, bd ANbd B # @ holds. d
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Proof of Theorem 4.1. If v = K(A)™!, the proof is trivially satisfied with n = 0,
so assume that v € (K(A4)71,1). Since a(A) < 0, it follows that lim, g+ g(z,y) = 0o
for any y € R, and so g(x4,yx) = K(A)~! with 2, > 0. Now consider the strict lower
level set £, = {(z,y) : g(x,y) < v,z > 0}, which is clearly open and also bounded;
see [27, Theorem 2.3]. Let £ be the (open) connected component of £, such that
(z4,vx) € L, and let G := LY i.e., the simply connected hull of L.

Now, following the proof of [14, Theorem 3.1] a bit more closely, by continuity of
g(z,y) and the fact that G is bounded, there must exist points by, by € bd G,

b1 = (Tu, Yu — M) and by = (T, Yx + 12),

such that

(43) 9(55*71/*—771) :g($*7y*+772) =7,

where 11,72 > 0. Furthermore, we can assume that 77 and 72 are the smallest positive
values such that (4.3) holds with by, b2 € bdG. Noting that

(4.4) o, y) = Ton (& J;iy)f —4) _ f(ai v,

whose numerator has a GLC of 1, it follows for any y1,y2 € R that
19(2,91) — 9(2as y2)| < =ly1 — al;

i.e., g(z4,y) with respect to y has a GLC of i By applying this GLC to (4.3), it
follows that

(4.5) m 2wy = K(A)™) and 7 > a.(y - K(A)™),

and so 0y + 02 > 2z, (v — K(A4)71).
Now suppose that n € (0,27, (y — K(A)™1)] so n < m1 + n2. Obviously (4.1) is
satisfied if n = 11 + 12, so assume that n < 1y + n2. Let

Gy = {(z,y —n) : (v,y) € G},

i.e., G shifted downward by the amount 7, and consider the line segment joining b,
and by and the point biy, = (X, ysx + 172 —1). As by, must be on this line segment, but
not at its endpoints, by, € G and b;, € bdG,, since by € bdG. Let by, € bd G, be a
lowermost point of bd G,). Then, as n > 0, bout € GC, the complement of G. Since G
and G, are both bounded open connected sets in the plane and G,, = ggl, Lemma 4.4
applies, and so bdGNbd G, # @. Letting (Z,7) be any such point in bd G Nbd G,,, it
follows that (Z,9 +n) € bd G; hence (Z, §) satisfies (4.1). 0

We now consider horizontally oriented pairs of points on the 7-level set of g(z, y),
similar to Theorem 2.1 for f(z,y). As the horizontal orientation is actually more
complicated for (A), we first establish the following intermediate general result.

LEMMA 4.5. Let f : (0,00) — [0,00) be continuous with a GLC of ¢ > 0, and

consider the function q(x) = @ on the same domain. Fora,b > 0 withb—a =n > 0,

if q(a) = q(b) = v and z, = argmin, ¢,y 9(z) with v = q(z,), then

Y >y — n(zc;zv).
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Proof. We assume that v, < -, as otherwise the inequality clearly holds. Since
f(z) has a GLC of ¢, it follows that

fla) = f(@) + f(0) = flze) < elze —a) +¢(b—20) = ¢(b—a) = en.

Meanwhile

fla)=f(@)+f(0)=f(22) = ay+by =227 > (4422, =b)y =227 = 22, (Y—7) =117
Combining the two yields 2z, (v — v,) — 7y < ¢n, thus completing the proof. O

THEOREM 4.6. For A € C"*™ with a(A) < 0, let v € [0,1), n > 0, and (T, Yx)
be a global minimizer of (3.1). If K(A)~™* <~ and n € [0, 12_”;; (v — K(A)™Y)], then
there exists a pair x,y € R with x > 0 such that

(4.6) 9(z,y) =gz +ny) =7

COROLLARY 4.7. For A € C"*™ with a(A) <0, lety € [0,1), n >0, and (T«, yx)
be a global minimizer of (3.1). If there do not exist any pairs x,y € R with x > 0
such that (4.6) holds, then

(4.7) K(A)™ > — 2,

2%,

Proof of Theorem 4.6. The beginning of the proof is the same as the first para-
graph of the proof of Theorem 4.1. Again consider the simply connected set G defined
there that contains (z4,ys), a global minimizer. By continuity of g(x,y) and the fact
that G is bounded, there must exist points by, by € bd G,

bi=(zs —m,yx)  and  bo = (T4 + M2, Y4),
such that

(4.8) 9(@e — 11, yx) = 9(T4 + 12, 95) =1,

where 71,72 > 0. We again assume that n; and 7y are the smallest positive values such
that (4.8) holds with bi, by € bd G. Applying Lemma 4.5 to ¢(z) = g(=, y,) = L&)
with a = x4, — 1 and b = z, + 12, we have that

e > (v = K(A)™),

as the numerator of g(x,y) as rewritten in (4.4) has a GLC of 1.

Now suppose that n € (0, 121:/ (v = KA)™)] son <m+mn. In=m+mn,
(4.6) is clearly satisfied, so instead assume that n < 1y + n2. Considering the set
G = {(x—ny): (z,y) € G}, i.e., G shifted to the left by the amount 7, the rest of

the proof follows analogously to the end of the proof of Theorem 4.1. ]

Although we have derived Kreiss constant analogues of Theorem 2.1 and Corol-
lary 2.2, Corollaries 4.2 and 4.7 in fact assert that the 7(A, B) algorithms of [14, 9, 15]
will not directly extend to Kreiss constants. The crux of the problem is that these
7(A, B) methods all rely on the fact that (2.4) holds when there are no points satis-
fying (2.3), which, recall, provided a way of computing 7(A, B) via Gu’s verification
procedure to verify an upper or lower bound for 7(A, B). However, in the Kreiss
constant setting, our lower bounds given in (4.2) and (4.7) are not as concrete, as
they depend on x,, which is unknown. For a given v and 7, we do not even know if
the lower bounds provided in (4.2) and (4.7) would be meaningful, as they might not
even be positively valued. Thus, to develop algorithms for IC(A), crucial departures
must be made. We will do this via two different strategies.
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Algorithm 5.1. Optimization-with-restarts using backtracking.

Input: A nonnormal matrix A € C**™ with a(4) < 0, 2o > 0, and yo € R such that
g(x0,90) < 1, and a tolerance 7o > 0.
Output: v~ ! ~ K(A) (continuous-time).

1: while true do

2:  (Z,9) + computed local/global minimizer of (3.1) initialized from (g, yo)
3 v g(2,9)

4: 7 < some positive value > 7.

5:  while true do

6 Perform the 2D level-set test of subsection 5.2 with current v and 7

7 if test finds any level-set points then

8 (20,y0) + one of these points

9

: break // Goto line 2 to restart optimization.
10: else if 1 <7, then
11: return // Found a global minimizer to tolerance.
12: else
13: 7 < cn for some constant ¢ € (0,1)
14: end if

15:  end while
16: end while

NoTE: For simplicity of the pseudocodes, we assume here and in Algorithm 6.1 that (a) optimization
always converges to local or global minimizers exactly, i.e., not approrimately or to other stationary
points, and (b) points found by the certificate test (if any) are never ezactly stationary.

5. A continuous-time KC(A) algorithm based on fixed-distance pairs.
Let (Z,4) be a local (but not global) minimizer of g(z,y), and set v = g(&,§). As
(#,9) is a local minimizer, we do not need to verify that v > K(A)™!, as this is
obviously true. To obtain an optimization-with-restarts algorithm, we do not neces-
sarily need to verify a lower bound either. Instead, we can just aim to detect other
(non-stationary) points on the ~y-level set of g(z,y). Using such level-set points to
restart optimization, a better (lower) minimizer of g(x,y) is guaranteed to be found.
Assuming v € [K(A)71, 1), Theorems 4.1 and 4.6 assert that if n > 0 is chosen suf-
ficiently small, there must exist points satisfying either (4.1) or (4.6). Of course,
we do not know a priori how small to choose 7, so we propose using backtracking;
i.e., we can start with 7 initially set to some large value and simply decrease it in a
loop until level-set points for restarting optimization are found. As long as (z,9) is
not a global minimizer, this backtracking procedure must succeed in finding level-set
points for restarting optimization. Meanwhile, when (Z, §) is a global minimizer, and
so K(A) has been computed, the backtracking procedure can simply be terminated
once 7 falls below a tolerance. A high-level pseudocode using this backtracking-based
globality certificate is given in Algorithm 5.1. To complete this algorithm, we now
must develop a corresponding 2D level-set test for continuous-time Kreiss constants.
We will do this by looking for points satisfying (4.1) or (4.6), i.e., level-set points that
are a fized distance n apart, and develop a procedure inspired by Gu’s 2D level-set
test for (A, B).
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5.1. A 1D vertical level-set test. Before we develop our 2D level-set test for
g(z,y), we will need the following theorem, which will allow us to obtain all the points
on the v-level set of g(z,y) along a chosen vertical line.

THEOREM 5.1. Given v,z,y € R, with v > 0 and x # 0, « is a singular value of
G(z,y) defined in (3.2) if and only if iy is an eigenvalue of the Hamiltonian matrix

(5.1) {A —zl ozl } '

—yal xl — A*

Proof. 1t is clear that the matrix is Hamiltonian. Suppose 7 is a singular value
G(z,y) with left and right singular vectors u and v, and so

o R R e | M R R L A A N |

Rearranging terms and multiplying the bottom block row by —1, this is equivalent to
2| ¥4 A—zl 0 E —il? - A—zxl vzl G
Ty 0 xl — A* _u_yu —vyal ozl —A*| |u| =¥ ul O

In fact, for a given v > K(A)™! and z := & # 0, computing the imaginary
eigenvalues of (5.1) may provide more than the y-level set points of g(x,y) along

the vertical line # = #. This is because if ij is an eigenvalue of (5.1), Theorem 5.1

asserts that ~ is a singular value of F (&, %), but not necessarily the minimum one; if

this happens, (Z,9) would be on a level set of g(x,y) lower than the v-level set and
thus be an even better point for restarting optimization. Finally, note that structure-

preserving eigensolvers [2, 3] can be used for more reliable detection of imaginary
eigenvalues of Hamiltonian matrices like (5.1).

5.2. A 2D level-set test for fixed-distance pairs. We now derive a new 2D
level-set test for g(x,y). Per Theorems 4.1 and 4.6, the choice of orientation for pairs
of points on the 7-level set of g(x,y) has consequences; hence we will develop our
new continuous-time Kreiss constant procedure for arbitrary orientation. Specifically,
given 17 > 0 and angle 0 € (=7, 5], we will look for points a fixed distance 7 apart
of the form (#,9) and (& 4+ ncos 8,4 + nsin ) such that g(x,y) = v holds at both of
them and & > 0.

Suppose that 7 is a singular value of both G(x,y) and G(z + ncos @,y + nsinf),
with respective left and right singular vectors pairs w,v and 4,0. By Theorem 5.1 for
G(z,y) and following a similar argument as in its proof for G(z + ncosf,y + nsinf),
the following two Hamiltonian matrices must share an imaginary eigenvalue iy:

(5.2a) {;;}I IIWIA*] m - m
oo [Agt Je ot ][ ]l

Let A; and Aj respectively denote the square matrices in (5.2a) and (5.2b), and let
W =[3][4" a*] # 0 so that we have AyW = iyW and A;W* = iyW*. To eliminate y,
we take the conjugate transpose of the second and then add the two together to obtain
the Sylvester equation:

A—zxl vyl

* _ -y _
(5.3) [ Cwl wl - A*} W+ W {A (x+ne ) —~y(x+ncos 9)]] _o.

v(x +ncosd)I (x +nei) I — A
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Thus, if (5.3) also has a nonzero solution W € C?"*27 A; and — A% must share an
eigenvalue. As A; and Ay are Hamiltonian matrices, their spectra have imaginary-
axis symmetry, and so A; and A must also have an eigenvalue in common. Now,
separating out all terms involving x, we get

A 0 A* —ne T —yncoshI
(5-4) ({O —A*} w+Ww [ ~m cos 01 nel?T — A

ol e S )

Rewriting both Sylvester forms using the vectorize operator, and letting w = vec(W),
results in the generalized eigenvalue problem

(5.5) Ajw = v A>w, where
_ A 0 A—ne T ~ncosOI
Ar=In® [0 —A*] [—’yn cosOI nell] — AT ® Ion,

_ I —~I I —~I

Our 2D level-set test for fixed-distance pairs works as follows. Given estimate
v e [K(A)1,1),7n>0,and § € (—F, 5], we first compute all the eigenvalues of (5.5).
If there are no (finite) positive real eigenvalues of (5.5), then the test is finished and
returns no level-set points. Otherwise, additional calculations are done to ascertain
whether or not any level-set points have been detected. For each eigenvalue & > 0 of
(5.5), we have that the vertical line specified by #, and, if || < 7, the vertical line
Z + ncosd, may contain points on the -level set of g(z,y). To determine this, for
each of these vertical lines, say, x := &, we then apply Theorem 5.1 and compute all
the eigenvalues of the corresponding Hamiltonian matrix (5.1). If this matrix has no
imaginary eigenvalues, then no level-set points have been detected on this vertical line.
Otherwise, all the points (&, ) such that ij is an imaginary eigenvalue of this matrix
are added to the list of detected level-set points of g(z,y) to return. Optionally, for
each of these points, one could additionally check whether or not ~ is the minimum
singular value of G(Z,¢), but this is not strictly necessary; as discussed previously,
(Z,9) must be on the y-level set of g(z,y) or a lower one, either of which suffices for
restarting optimization to obtain a better (lower) minimizer of g(z,y). If no level-
set points are detected, for any of the vertical lines, then the test returns no points.
Otherwise, all the detected level-set points are returned.

Our new 2D level-set test differs from the procedure in [14] (and [15]) in a signifi-
cant way; in Key Remark 6.3, we explain how our modifications here greatly improve
the reliability of these 2D level-set tests.

In terms of cost, in extreme situations there may be up to O(n?) potential vertical
lines detected, which means that O(n?) Hamiltonian eigenvalue problems of dimension
2n x 2n must be solved. However, when using standard dense eigensolvers, the overall
work complexity of our procedure is actually O(n%), as we must first compute the
eigenvalues of (5.5), which is a matrix pencil with square matrices of dimension 4n?.
In terms of constant factors, if A is real, A; is real if and only if § = 0.

5.3. Properties of the eigensystem A;w = xAw and its solution. Un-
like the 4n? x 4n? generalized eigenvalue problem (5.5), Gu derived a smaller 2n? x 2n?
generalized eigenvalue problem for 7(A4, B) [14, eq. (3.13)]. In [15, section 3.1], this
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was then simplified further to a computationally easier 2n? x 2n? standard eigenvalue
problem [15, eq. (3.7)]. Via the following result, we show that the rank of Aj is 2n?,
i.e., half its dimension.

LEMMA 5.2. Let C = [§] Z%1] € C*™*2" with a,b € C and b # 0. For k € N, the
Kronecker sum Io, @ C + C @ Iop, = U Vi, € CHX4En and Vil = 21, ® C, where

(563) Z/{k = |- {k,®, [fﬁlf_(ill e (C4kn><2kn
bIan ’
(5.6b) Vi = { Do 1 T D 72;171_11} ] ¢ Q2nxdkn.

Proof. The factorization follows from the following if-and-only-if equivalences:

Ik: ® 2al —bI7 ' —bI. o
(5.7) Ui = ,,,,Lb;,o,l,:,,,,o% P
blakn ‘ I ® [b[ 72aI]
— | {’f,@,[ﬁ,:,gﬂ,‘, .9 { alppn | —blokn
o ne (g ] e ol
=L @ [57 Zor] + [57 Zar] © Lot
while Vi = T @ 27 2] + ol [§ 00 | =2h e C. 0

Applying Lemma 5.2 to Az with a := 1, b := v # 0, and k := n, Vj gives the
reduced row echelon form of Ay, and so the rank of Ay is 2n?. Thus, is it natural
to ask if (5.5) can also be reduced to a 2n? x 2n? generalized eigenvalue problem,
and perhaps even a standard one. Unfortunately, the presence of nonzero off-diagonal
blocks £~I in [ 711 j’II } from Ay appears to prevent this. If one attempts to follow
[14, 15] and similarly partition W into four n x n blocks, multiplying out (5.4) for
each block of W results in four equations that all involve z. In contrast, in [14, 15],
eigenvalue z (« in their notation) only appears in the two corresponding equations for
the diagonal blocks of W (X in their notation); for the off-diagonal blocks, eigenvalue
2 (again « in their notation) does not appear in these other two equations, since, as
seen in [15, eq. (3.5)], it ends up being multiplied by zero. Consequently, the reduction
techniques of [14, 15] do not seem to be applicable to (5.5).

However, since Aj is singular, A; — AAs can at least be numerically deflated into
a smaller pencil A; — AAs whose spectrum is the set of finite eigenvalues of (5.5);
see the deflation routines of [6, section 4.3] and [18, Algorithm 3, Chapter 3.1], the
former of which is implemented in the ml_ct_dss_adtf routine from MORLAB [5].
Although this iterative deflation technique is cubic work, and so also O(n%) work for
(5.5), deflating matrix pencils this way can be faster than computing their eigenvalues
with the QZ algorithm. Furthermore, for (5.5), deflation results in a matrix pencil
of half the order, since it removes 2n? infinite eigenvalues. As a result, deflating
and then computing the eigenvalues of the resulting pencil may be even faster than
computing the eigenvalues of (5.5) directly. That matrix As in the reduced pencil is
nonsingular also provides a second important benefit. Although we must compute the
real eigenvalues of (5.5), we cannot expect its real eigenvalues to be exactly real in the
presence of rounding errors. The key question then is how far away from the real axis
can a computed eigenvalue be allowed to be while still being deemed a real eigenvalue
of (5.5)? For the reduced pencil, a reliable tolerance is tol - €mach - HA2_1A1 |loo, Where
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tol > 1 is provided by the user and emacn is the machine precision. Note that we
still recommend computing the eigenvalues of A; — AA3 as a generalized eigenvalue
problem, instead of using the matrix A5 ! A1, as we have observed that the condition
number of ,Zg is generally very large in practice.

5.4. Faster computation of the real eigenvalues of A;w = zA;w. We
now show how the O(n%) theoretical work complexity of Algorithm 5.1 can be reduced.
To do this, we will work with the matrices in (5.5) and adapt the divide-and-conquer
approach proposed in [15, section 3.3.2] for faster computation of 7(4, B). At a high
level, this efficiency improvement relies on two principles. First, although the matrices
in (5.5) are 4n? x 4n? in size, they arose from vectorizing the two corresponding 2n x 2n
Sylvester forms in (5.4). As such, applying A; and Ay or their inverses to a vector
can actually be done with just O(n?®) work. In turn, this means that for any shift
s € C, (A; — sAz)™! can be applied to a vector with O(n?) work (we will clarify
how these computations are done in a moment). Consequently, a shift-and-invert
eigenvalue solver, e.g., eigs in MATLAB, can be employed to find the eigenvalues
of (5.5) that are closest to a shift s with only O(n?®) work. Second, given a matrix
X € C?%1, suppose one only wants its eigenvalues that are along a line segment,
say, an interval [0, D] on the real axis for some D > 0. Then the recursive iteration
given by [15, Algorithm 4], which uses a shift-and-invert eigensolver, can locate all
eigenvalues of X" in [0, D] with at most 2¢+-1 shifts in the worst case and O(,/q) shifts
if the eigenvalues of X' are distributed uniformly. For brevity, we forgo the details of
describing [15, Algorithm 4] but note that the cost of choosing D unnecessarily large
only results in about four extra shifts [15, p. 490]. Thus, the theory says that by
adapting this divide-and-conquer technique to compute the positive real eigenvalues
of (5.5), the overall work complexity of Algorithm 5.1 will be reduced to O(n?) work
on average and O(n®) in the worst case.

We now explain how A, Ay, and (A; — sAz)~! can all be applied to a vector
w € € with at most O(n®) work. As A has only 10n2 nonzero entries, it suffices to
store it in a sparse matrix format. Computing A;w can be done efficiently via vectoriz-

. . . A 0 A*—ne T —yncosOI
ing the first Sylvester form in (5.4), i.e., vec ([ 0 _A* } W + W[ mcos6l  mel®1- A D ,

where W € C?"*2" and w = vec(W). The dominant cost in obtaining A;w is the two
matrix multiplications with W; hence it too can be done in O(n?) work. For y € (C4"2,
we can efficiently obtain w = (A; — s.A3) "ty by considering (A; — sA2)w = y. This
“unvectorizes” into (5.3), provided that x is replaced with s and the zero in its right-
hand side is replaced by Y, where y = vec(Y'). By solving the resulting Sylvester
equation and vectorizing its solution W, w = (A; — sAs) "1y is computed in O(n?)
work.

6. Continuous-time /C(A) algorithms based on variable-distance pairs.
Having developed the first globally convergent iteration for continuous-time Kreiss
constants, we now develop two more, namely Algorithms 6.1 and 6.2, which can be
considered closer analogues of the two 7(A, B) methods of [9] described in section 2.
As previously discussed at the end of section 4, the lower bounds provided by Corol-
laries 4.2 and 4.7, due to their dependence on the unknown x,, prevent creating direct
K(A) analogues of the trisection and optimization-with-restarts of [9]. However, these
lower bounds are the result of the assumption of looking for pairs of level-set points
that are a fized distance n apart, as Gu originally used for Theorem 2.1. As we are
about to show, if we change this assumption, then we can obtain different lower bound
results than those given in (4.2) and (4.7).
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Algorithm 6.1. Optimization-with-restarts (no backtracking).

Input: A nonnormal matrix A € C"*" with a(A) < 0, ¢ > 0, and yg € R such that
9(z0,y0) < 1, and a tolerance ¢ > 0.
Output: g, ' ~ K(A) (continuous-time).

1: while true do

2:  (Z,9) < computed local/global minimizer of (3.1) initialized from (zq, yo)
3 gr < 9(2,9)

£ 7 gl 05 %0)

5: 1 < gk * Vtol

6:  Perform the 2D level-set test of subsection 6.1 with current v and n

7. if test finds any level-set points then

8 (z0,yo) < one of these points // Goto line 2 to restart optimization.
9: else

10: return // K(A)"' > gi - (1 — yo1) holds.

11:  end if

12: end while

THEOREM 6.1. For A € C"*™ with a(A) < 0, let v € [0,1), n > 0, and (T, Yx)
be a global minimizer of (3.1). If K(A)™r <~ and n € [0,2(y — K(A)~Y)], then there
exists a pair T,y € R with x > 0 such that

(6.1) g(w,y) = g(z,y +xn) = 1.

COROLLARY 6.2. For A € C"*™ with a(A) <0, let v € [0,1), n >0, and (x4, ys)
be a global minimizer of (3.1). If there do not exist any pairs x,y € R with x > 0
such that (6.1) holds, then

(6.2) KA) ™ >y — 2

2z,

Proof of Theorem 6.1. The proof follows similarly to the proof of Theorem 4.1
with the following modification. By using the variable distance a7, for v € [K(4)71,1)
we instead obtain that n € [0,2(y—K(A4)71)] is a sufficient condition for (6.1) to hold;
this is because this choice cancels out the x, in the proof, as |y; — y2| = z«n. |

Thus, by looking for vertical pairs of points that are this particular variable dis-
tance apart, i.e., xn, a corresponding certificate procedure would assert either that
v > K(A)~! holds or that (6.2) does. Such a certificate would avoid the need for the
backtracking procedure that was necessary for Algorithm 5.1. While this might seem
to be obviously preferable to Algorithm 5.1, as a bit of foreshadowing, we note that
the large eigenvalue problem that results for this variable-distance certificate is quite
different from (5.5) and has its own downsides. We now describe this certificate to
complete Algorithms 6.1 and 6.2.

6.1. A 2D level-set test for variable-distance pairs. Suppose v is both a
singular value of G(z,y) and G(z,y + zn), with respective left and right singular
vectors pairs u,v and 4,0. Via Theorem 5.1 for G(z,y) and a similar argument as its
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Algorithm 6.2. Trisection.

Input: A nonnormal matrix A € C"*" with a(A) < 0 and a tolerance ;o > 0.
Output: ub~! ~ K(A) (continuous-time).

1: 1b«+ 0

2: ub < g(zo,yo) for some zg > 0 and yo € R
3: while (ub—1b) > ub- vy, do

4: diff <~ ub—1b

5 m <4 2-diff

6: ¥+ 1lb+n

7 Perform the 2D level-set test of subsection 6.1 with current v and 7
8 if test finds any level-set points then

9: ub =y

10:  else

11: 1b=1b+ § - diff

12:  end if

13: end while

NoOTE:  While [9, p. 358] states that their trisection-based (A, B) algorithm converges “to any
prescribed absolute accuracy,” any desired relative accuracy can be obtained by simply choosing a
stopping condition like the one we have used here in line 3.

proof for G(x,y + xn), we have the following two Hamiltonian eigenvalue problems:

A—zxl  yal vl . |v
(6.3a) [ —yxl ozl — A*] [u} - [u} ’
A—x(1+in)l ~yal v . |D
(6.3b) { —yxl z(1—in)l — A*| |a| — Wial -
These two Hamiltonian matrices have an eigenvalue in common if
A—xl  ~yxl A* —x(1—in)I —~yal B
(6.4) [ —yxl xl — A*} w+w [ ~yxl z(1+in)l — A| 0

has a nonzero solution W € C2"*2", Separating out the terms involving =, we have
A 0 A0
(6.5) ({0 A*} W W [ ' AD
I —I (1—inI ~I _
ﬂ”([w —I}WJ’W[ l —ipgr)) =Y

Rewriting both Sylvester forms using the vectorize operator, and letting w = vec(W),
we have the following generalized eigenvalue problem:

(6.6) Biw = xBow, where
A 0 A 0
Bl - IQ’rL & |:0 _A*:| + |:0 —AT:| ®I2na
_ I —I (1—in)l —~I
82_12n®|:71 I:|+|: 'YI *(1+i77)] ®]2n-
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To check if (6.2) holds with this variable-distance certificate, we proceed similarly
to our fixed-distance certificate from subsection 5.2. Thus, after initially computing
all the positive real eigenvalues of (6.6), we then apply Theorem 5.1 to each of these
candidate vertical lines to see if we detect any points on a +-level set (or lower) of

9(z,y).

Key Remark 6.3. We now explain how the designs of our 2D level-set tests inten-
tionally deviate from the 7(A, B) procedure Gu proposed in [14, pp. 995-997] and how
this results in much better reliability. If one were to more closely follow Gu’s proce-
dure as it is written, for each positive real eigenvalue & > 0 of (6.6), one would instead
compute the eigenvalues of the two matrices in (6.3) and then check whether these two
spectra have any imaginary eigenvalues in common. If a shared imaginary eigenvalue
is detected, then a pair of level-set points a distance 7 apart has been detected* and
v > K(A)~! must hold. Otherwise, if none of the pairs of eigenvalue problems from
(6.3) share imaginary eigenvalues, then following Gu would mean asserting that lower
bound (6.2) must hold. While Gu’s procedure is sound in exact arithmetic, trying to
assert whether two matrices share an (imaginary) eigenvalue is exceptionally difficult
to do reliably in the presence of rounding errors. Furthermore, this matching also
assumes that the real eigenvalues & have been computed accurately enough such that
the matrices (6.3) would indeed share an eigenvalue ig, assuming (Z, §) satisfies (6.1),
which is another source of numerical uncertainty; see [15, section 5]. Suppose that
there are indeed points a distance xn apart vertically on the 7-level set of g(z,y), but
rounding errors prevent their detection. In this case, asserting that (6.2) holds may
be erroneous. This can be a critical failure because the lower bound is only true if
no such pair of level-set points exists, not if the procedure fails to detect them due
to numerical problems! This is a major reason why Gu’s procedure can have such
numerical difficulties, particularly when 7 is small. Though [15] improves Gu’s proce-
dure to make it faster, it too follows the same the idea of checking whether or not two
matrices share imaginary eigenvalues and thus also inherits these numerical problems.
However, in the course of our work here, we have realized that Gu’s 7(A4, B) proce-
dure ironically follows Theorem 2.1 and Corollary 2.2 too closely, because, as it turns
outs, checking whether or not level-set points are a distance xn (or n) apart is entirely
unnecessary. While indeed (6.2) must hold if no points satisfy (6.1), another sufficient
condition for (6.2) to hold is that the procedure itself does not generate any level-set
points whatsoever, on the ~-level set or lower and/or as pairs or single points. If any
level-set points are detected, clearly v > K(A)~! holds, while none being generated
implies (6.1) cannot hold, which in turn asserts that (6.2) must hold. Note that our
new way of performing these 2D level-set tests is not only a theoretical improvement;
we initially designed our tests to check for common imaginary eigenvalues, like Gu’s
procedure, but discovered that the aforementioned numerical issues were impeding
the reliability of the codes. Applying our modifications to the 7(A, B) algorithms of
[14, 9, 15] should improve their reliability as well.

6.2. Properties of the eigensystem B;w = xzBsw and its solution. Unlike
(5.5), which can at least be numerically deflated to an order 2n? generalized eigenvalue
problem, we now show that (6.6) cannot be similarly reduced, as Bs is generally
nonsingular. In fact, By has an explicit inverse.

4Note that while the bottom of [14, p. 996] says that detected points would be on the 7-level set,

technically that only holds if « is also the minimum singular value at both of these points, which
may or may not be true.
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THEOREM 6.4. Let C = [ “U1] € C??* with a,b € C and b # 0, and let
M =1 C+C®Iy. Fork e N and s € C, define matriz D := sy, + M and
scalar B == s®> + 4(b*> — a®). Then D is invertible with inverse

(6.7) D! = s Ly, — B Uk (Togn — 25711, @ O) Wy

if and only if s and B are both nonzero, where Uy, and Vi are defined as in (5.6).
Moreover, if k = n, then the following simpler formula holds:

(6.8) D! =5 e — BTIM A+ (sB) T IMA

Proof. Via Lemma 5.2 applied to M, we have that D = slyg, + Ui V. As the
eigenvalues of C' are +v/a2? — b2, by Theorem 1.3, the eigenvalues of M are £2v/a? — b?
and zero. Thus, D is invertible if and only if —s is not equal to any of these eigenvalues,
which is equivalent to s # 0 and 8 # 0. For (6.7), we apply the Sherman—Morrison—
Woodbury formula to (sly, + UpVi) ™! and use Vildy = 2I; @ C from Lemma 5.2,
yielding

D = s gpn — 5~ U, (Togn + 5~ Vi) 57V,

=5 Ly — s U (sTopn + 2L, @ C) 1V
= 5 g — 1uk (I ® (s2n +2C)) ™
_S_ll4kn (Ik® SIQn—f—QC) 1)V
_ _ s—2a)l 2bI
=5 Lygn — 57 Un (Ik ® srapT—ar [( o (s+2a)zD Vi
= S_ngm — 3‘16‘12/{k (SIQ;.m -2, ® C) V.
For (6.8), now with k = n, first note that C? = ¢I5, with ¢ = (a* — b?), while
M= (I, ®C*+C?®15,) + (CRC+CRC) =2(¢ly2 +C®C),
M? =2(¢Ly2 + CROC)M =20M +2 (C® C* +C* @ C) = 49 M,

where we have used the mixed-product property of ®. Then by multiplying (6.8) with
sI4,2 + M and noting that 8 — s2 4+ 4¢ = 0, it follows that

Lz + 5 "M — s M+ (s8) " M3 = L2 + (5*1 — 587! 1 46 (55)‘1) M
= Ippz + (sB8) 1 (B— s> +4p) M = Iy,2. O

Applying Theorem 6.4 to By, with a := 1, b := v # 0, s := —in # 0, we see that
B # 0 holds if n # £24/72 — 1 (¢ R if || < 1); hence By is generically invertible with

(6.9) Byt = —(in) ' Iypz — B Bo — (inB) "' B,

where 3 = 4(y%—1)—n?. On the upside, one could thus perform our variable-distance
certificate by computing the eigenvalues of By !B1, while our fixed-distance certificate
requires solving the general eigenvalue problem (5.5). However, using By !B, can
introduce numerical issues, and the order of this eigenvalue problem is 4n2, whereas
for the fixed-distance case, we could instead solve the numerically deflated order
2n? problem discussed in subsection 5.3. Furthermore, from (6.9), it is clear that
1B — oo as  — 0; in the presence of rounding errors, this may make it quite
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difficult to reliably ascertain which eigenvalues of By !B, should be considered real-
valued.

At this point, one might ask if it would have been better to consider a variable-
distance certificate using a horizontal orientation instead of a vertical one. We consider
this in Appendix A and note here that it results in the matrix pencil By — ABa, where,
like By, the matrix Bs is nonsingular but becomes singular as n — 0.

6.3. Adapting divide-and-conquer for Bijw = xBsw. We now describe
the computations needed for a divide-and-conquer version of our variable-distance
certificate. Note that the numerical reliability of this approach might be different
than our fixed-distance certificate, as (6.6) only has finite eigenvalues, while (5.5) has
finite and infinite eigenvalues. For w € (C4"2, Bow can be efficiently obtained by storing
Bs in a sparse format. Computing Byw is O(n?®) work, which is done by vectorizing
the first matrix in (6.5), i.e., vec ([‘8 7?4*]W + W[‘%* 70,4])» where W € C27*2" and
w = vec(W). To obtain w = (By — sBy) 1y for y € (C4"2, consider (B; — sBa)w = y.
This “unvectorizes” into (6.4) provided that z is replaced by s and the zero on its
right-hand side is replaced by Y, where y = vec(Y'). Vectorizing the solution of the
resulting Sylvester equation yields w = (B — sBy) ™1y in O(n?) work.

7. Algorithms for discrete-time IC(A). To adapt Algorithms 5.1, 6.1, and 6.2
to compute discrete-time Kreiss constants, we need to develop discrete-time versions
of the 2D level-set tests from subsection 5.2 and subsection 6.1; the other neces-
sary components for the two optimization-with-restarts algorithms have already been
discussed in subsection 3.2. We begin by developing discrete-time analogues of The-

orem 4.1 and Corollary 4.2. For the discrete-time case, we now additionally assume
that 0 & A(A).

THEOREM 7.1. For A € C™"*" with p(A) <1, lety € [0,1), n > 0, and (rs, 0,) be
a global minimizer of (3.7). If K(A)™' <~ and n € (0, 2(13.;1)(’7 — K(A)™Y)], then
there exist an v > 1 and 6 € [0,27) such that

(7.1) h(r,0) = h(r +n,0) =~.

COROLLARY 7.2. For A € C"*™ with p(A) <1, let vy € [0,1), n > 0, and (r4, 0y)
be a global minimizer of (3.7). If there do not exist any pairs r,0 € R with r > 1 such
that (7.1) holds, then

(7.2) K(A) ! >y — gl

Proof of Theorem 7.1. If v = KK(A)~!, the proof is trivially satisfied with n = 0,
so assume that v € (K(A)~1,1). Since p(A) < 1, it follows that lim,_,;+ h(r,0) = o
for any 6 € R, and so h(r,0,) = K(A)~! with r, > 1. Now consider the strict lower
level set £, :== {(r,0) : h(r,0) < ~,r > 1}, which is clearly open and also bounded;
see [27, Theorem 3.2]. Let £ be the (open) connected component of £, such that
(ry,0,) € L, and let G := L1 i.e., the simply connected hull of L.

By continuity of A(r, ) and the boundedness of G, there must exist by, by € bd G,

by = (1% — 1M1, 64) and bo = (ry +1m2,04),
such that

(73) h(?”* -, 9*) = h(?"* + M2, 0*) =7
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where 71,72 > 0. Furthermore, we can assume that n; and 7, are the smallest positive
values such that (7.3) holds with by, b2 € bdG. Defining

(7.4) h(r) = h(r +1,0) = 2o ((r —I—Tl)eiel - A)7

h(r) has a global minimizer r, —1 on domain (0, c0) and its numerator has a GLC of 1.
Applying Lemma 4.5 to ¢(r) := h(r) witha =7, —n; — 1 and b = r, + 12 — 1 yields

mm > 2Tl (- K(A) 7).

Now suppose that n € (0, Q(I;;l) (v=KA)™)] son <m+me. IEn=m +ne,
(7.1) is clearly satisfied, so instead assume that n < 1 + 72. Considering the set
G == {(r—n,0) : (r,0) € G}, without loss of generality, we can assume 6, = 0, and
so G is simply G shifted left by the amount 7. Thus, as in the end of the proof of
Theorem 4.6, the rest of the argument follows analogously to the last paragraph of
the proof of Theorem 4.1. ]

7.1. A 1D circular level-set test. For all of our discrete-time KC(A) algorithms,
we will also need the following theorem.

THEOREM 7.3. Given v,7,0 € R, with v > 0 and r # 1, 7 is a singular value of
H(r,0) defined as in (3.8) if and only if €' is an eigenvalue of the symplectic matriz
pencil

(7.5) [61 7(rr_flﬂ}_A{v(rT_IUI f(l)*]'

Furthermore, if A is invertible and r # 0, zero is not an eigenvalue of (7.5), and the
matriz pencil is reqular.

Proof. Tt is easy to verify that (7.5) is symplectic, and, under the additional
assumptions, also regular and that zero cannot be an eigenvalue. Now suppose 7 is a
singular value H(r, ) with left and right singular vectors u and v, and so

O 1 R L B e e | ]

Rearranging terms, this is equivalent to

N | R e A

Similar to Theorem 5.1, note that the unimodular eigenvalues of (7.5) correspond
to points that are either on the ~-level set of h(r,8) or on lower level sets. The
structure-preserving eigensolvers of [2, 3] can also be used for more reliable detection
of unimodular eigenvalues of symplectic pencils like (7.5).

7.2. Adapting Algorithm 5.1 for discrete-time KC(A). To create our first
discrete-time 2D level-set test, we will again look for pairs of points a fized distance
1 > 0 apart, but now we will do this along rays from the origin; i.e., for 6 e [0, 27),
we check if h(f,é) = h(? + n,é) = = holds for some # > 1. Suppose 7 is a singular
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value of both H(r,0) and H(r + n,0) with respective left and right singular vector
pairs u,v and 4, 0. Then, by Theorem 7.3, we have that

o [t o fel g e 01T
(7.6b) {61 W&: [ " IM} m =¥ [v(r(?::yn—)jl)l /H m

which we denote M — AN and M — AN, respectively. Now define W = [o][e @
Multiplying the two equations above from the right side, respectively, by [+* a* |M
and [v* w* |[N*, yields

-] #0.

*

(7.72) MWAM* = e NW ™,
(7.7b) MW*N* = e NW*N*.

If we take the conjugate transpose of (7.7b) and then multiply it by €', we obtain
(7.8) NWN* = NW ™.

Subtracting (7.8) from (7.7a) yields

(7.9) MWM* — NWN* =0,

so since M — AN and N* — AM* are both regular, [10, Theorem 1] states that these
two pencils must share an eigenvalue if W # 0 solves the equation above. Moreover,
if this shared elgenvalue is el then e —i0 is an eigenvalue of N — AM, which in turn

implies that €' is an elgenvalue of M —AN. Thus, (7.9) having a nonzero solution W
is a necessary condition for the two pencils in (7.6) to have eigenvalue €' in common.

We now want to separate out the r terms of MW M™* and NWN*. First, we have

A*

(7.10) I = [v(r Ao n)l} and Mt — [(r +mI A(r+n- 1)1} .

0 A
Then MW M* s
A —l 0 ~I A* 0 0 0
aw (o l D (o b 2D
which is equal to
(7.12) [é _(’)YI}W{'y(nAjl)I nol}
A
b ([ WL+ I [ 5 ]) + 107w (5 9],
Vectorizing the above equation, with w = vec(W), yields

(r13) (3200 (6

+r([37]e[d" )+ A @[3 ]) w+r2[S 7 ) @[3 ]w,
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which we will abbreviate as
(7.14) Mow + rMiw + 1> Mow.

Likewise, NWN* is

o (S el ) (R ])

which is equal to

(7.16) [_Qﬂ }?*]W[WOI 7(7721)1}

+r([Sr W]+ [

oo
fa——
—

3
~

2
—~

3

|
—
—
~
JE—
SN—
=

[N~}
—
~

oo
I
—

~

2
~
JE—

Similarly vectorizing this gives

(7.17) {W,"_Im ﬂ @[ 9 2w
+r ([48] @ [ 2 2]+ [ty ar | © L8] ) w21 6] @ [ §]w,
which we will abbreviate as
(7.18) Now + rNyw + r2Naw.
Therefore, we finally have the following quadratic eigenvalue problem:
(7.19) (Mo — No)w + 7 (My — N w + 1% (My — No)w = 0,
which we will abbreviate as
(7.20) Qow + rQ 1w + r2Qyw = 0.

Thus, to perform our fixed-distance discrete-time IC(A) certificate for adapting
Algorithm 5.1, we first compute all the real eigenvalues r > 1 of (7.20), which specify
a set of concentric circles centered at the origin on which we may find level set points.
Then, for each of these candidate radii, we apply Theorem 7.3 to see if we indeed
detect any points on a ~-level set (or lower) of h(r,6). Like our continuous-time
algorithms, this procedure is also O(n%) work (albeit with a larger constant term)
when using dense (quadratic) eigensolvers.

Note that for a generic quadratic eigenvalue problem of the form (7.20), if either
Qp or Qs is nonsingular, then the problem is well posed; i.e., it has at least one
solution and not infinitely many; see [1, p. 283]. While for our quadratic eigenvalue
problem Qs is singular (see Lemma B.4 in Appendix B), we now show that Qg is
generically nonsingular, and thus (7.20) is guaranteed to be well posed.

THEOREM 7.4. Let v,n € R both be positive. Then Qq from (7.20) is nonsingular
if and only if A is nonsingular and 7y is not a singular value of A.

Proof. For any vector w € (C4"2, suppose Qow = 0, i.e.,

G 5o 5D (tor HoL D)o
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which holds if and only if

(7.21) [161 —(ﬂ W{v(n{*l)l nol} B {_31 /(H W{nol 7(7721)1} o,

where w = vec(W). By [10, Theorem 1], the generalized Sylvester equation above has
a unique solution if and only if the two matrix pencils

[81 _31]_ AL(;I X] - [7701 v(n;l)l}_ AL(W{*I)I 7701}

are both regular and have no eigenvalues in common. Clearly W = 0 satisfies (7.21),
so as long as zero is the only solution, Qg is nonsingular for the assumptions. To
prove the forward direction, we thus show that these three conditions hold.

We begin with the first pencil, which is regular if, for at least one value of A,
the resulting matrix is nonsingular. Using A = —1 results in [_i‘y 7 :;1[]. Since A is
invertible, this matrix is invertible if and only if its Schur complement with respect
to A is, i.e.,

0 # det (A" — ¥ A™") = det (AA* — 1) / det(A),

which by definition of singular values, holds if and only if 7 is not a singular value
of A. Thus, the first pencil is regular. For the second pencil, choosing A = 0 results
in matrix ["01 7(”;1)1 }, which is invertible since 1 # 0 and A is invertible. Thus the
second pencil is also regular. Furthermore, this argument also establishes that zero
cannot be an eigenvalue of the second pencil.

We now show that the two pencils do not have any eigenvalues in common. We
begin by noting that some of the eigenvalues of the first pencil are infinity, while all
the eigenvalues of the second pencil are finite. Let A £ 0 be a finite eigenvalue of the
first pencil with eigenvector [, ] # 0; hence

A I | |v| _ Av = ~vu
(7.22) {MI —)\A*] [u} =0 = A = 0,

Since v # 0 and A is invertible, w = 0 if and only if v = 0; hence neither is zero. This
means they can be rescaled to each have unit norm, and so «y is a singular value of
A, a contradiction; hence A\ = 0 must hold. As zero cannot be an eigenvalue of the
second pencil, this part of the proof is complete.

For the reverse direction, first suppose that A is singular. Then zero must be an
eigenvalue of the second pencil; hence the two pencils share zero as an eigenvalue and
so Qg is singular. Now suppose that v is a singular value of A with left and right

singular vectors @ and 0, and again consider (7.22). Since [] == [Z] # 0 is in the
nullspace of the matrix given in (7.22) for any A € C, the first pencil matrix is not
regular, and so Qp is singular. ]

Remark 7.5. It is also possible to derive a globality certificate based on arcs in-
stead of radial segments, where for # > 1, angle(s) 6 satisfying h(r, é) = h(?, é—i—n) =7
are sought. We also considered this, but it resulted in a quadratic eigenvalue problem
where both of the corresponding Qp and Q- matrices were singular, and so it was
unclear if this alternative quadratic eigenvalue problem was well posed or not.

7.3. Adapting Algorithms 6.1 and 6.2 for discrete-time KC(A). Now, fol-
lowing the variable-distance certificate idea from section 6, we derive a new discrete-
time version to extend Algorithms 6.1 and 6.2 so that they can compute discrete-time
Kreiss constants.
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THEOREM 7.6. For A € C™*™ with p(A) < 1, let v € [0,1), n > 0, and (ry,04)
be a global minimizer of (3.7). If K(A)™! <~ and n € [0,2(y — K(A)~Y)], then there
exist anr > 1 and 0 € [0,27) such that

(7.23) h(r,0) = h(Br +6,6) = 7,
where :=1—6 and § == —#.

COROLLARY 7.7. For A € C™*"™ with p(A) <1, let v € [0,1), n >0, and (14, 0x)
be a global minimizer of (3.7). If there do not exist any pairs r,0 € R with r > 1 such
that (7.23) holds, then

(7.24) KA)™ >~ — 2

2z,

Proof of Theorem 7.6. The proof follows similarly to the proof of Theorem 7.1,
except that (7.23) corresponds to a distance of 7 == (Br +0) —r = "(1%71) between

the two level-set points, which leads to cancellation, and so 7 € [0,2(y — K(A)™1)]. O

For brevity, we skip showing the lengthy derivation of the resulting discrete-time
variable-distance certificate (it follows similarly to subsection 7.2) and instead just
give the key parts necessary to perform the computation. Suppose = is a singular
value of both H(r,0) and H(Sr + d,y) with respective left and right singular vectors
pairs u,v and @,0. Applying Theorem 7.3 to H(r,0) and H(Sr + §,0) yields (7.6a)
and (7.6b) but now with r replaced by 8r + §. For this modified pair of symplectic
eigenvalue problems, the certificate derivation results in the large quadratic eigenvalue
problem

(7.25) éow +rQiw + 1200w = 0, where
Qy = Qq given in (7.20) but with 7 replaced by §,
% =a([57]elt 3" - [Hele [ &])
+ ({éw(é&l)l} ®[97] - [7(65—11)1 }} ® [,;Ig})7
0, = BQ; given in (7.20).

Although @2 is singular, @0 is nonsingular for the assumptions of Theorem 7.4, since
1 =98 # 0. Thus, (7.25) is well posed under the same assumptions.

7.4. Adapting divide-and-conquer for discrete-time KC(A). We now show
how the real eigenvalues of (7.20) and (7.25) may be computed using divide-and-
conquer. We begin with (7.20) and form its (companion) linearization

Q1 Q| _ |2 O
(7.26) {—I olZ="1 o _1|®
where z = ["/]. Assuming an a priori upper bound D > 0 is known for all real

eigenvalues of (7.20), divide-and-conquer will sweep the interval [1, D] to find all the
real-valued eigenvalues in this range. We now detail how the necessary operations
with the matrices in (7.26) can all be done in at most O(n?) work.

Consider doing matrix-vector products with either matrix in (7.26) and a vector
w = [ws ], where wy,wq € C2"°. The nontrivial parts of these products are

(7.27a) Qowz = Mows — Nows,
(7.27b) Qiwy = Mywy — Nywy,
(7.27¢) Qowy = Mawy — Nowy,
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which are equal to the following respective vectorizations:

5

(7.282) Qowy = vec ([6‘ _3I]W2[w(nA—1)I nol} — [ 2wt "Al)l]),
Qg = vee ([4 3" IWa[ 5 9]+ (971w [0 2
=[S I gy ] = g

]

(7.28¢) Qowy = vec ([0 W7 0] = [F oIy d]),

(7.28b)

I “/(n—l)ID
) A ’

10

where w; = vec(W7) and we = vec(Ws). The first two of these can be obtained in
O(n?) work since they only involve matrix-matrix products with 2n x 2n matrices.
The third can be obtained in O(n?) work as the number of nonzero entries in Qs is
simply 8n?; hence one should just store Qp in a sparse format. This is also fortunate
as when applying shift-and-invert to a generalized eigenvalue problem Axr = ABux,
solvers such as eigs in MATLAB require that B is provided explicitly, even when the
operator (A — sB)~! is given implicitly as a function handle.

Given a shift s € C and a vector y = [¥2 ], where y1,y2 € ((:2”27 we now focus on

I (100

which is equivalent to

L (= B R el B A R

The bottom block row provides

(7.31) Swo = ya + Wi

Multiplying the top block row of (7.30) by s and then substituting in (7.31), we get
(7.32) Qows + sQiwy + s° Qowy = syy — Qoya =: 4.

Using (7.28) to obtain the four matrix-vector products above, we can then solve for
w1 via solving the following generalized continuous-time algebraic Sylvester equation:

(7.33) MW, M* — NW,N* =Y,

where w; = vec(W1), § = vec(Y), and the matrix pairs M, N and M*, N* are respec-
tively given in (7.6a) and (7.10), all with r replaced with s. Per [17], solving (7.33)
can be done in O(n?®) work. Finally, ws is obtained via (7.31).

For (7.25), only a few minor modifications to the divide-and-conquer variant we
have just explained for (7.20) are necessary. As @0 is equal to Qg with n := § and
@2 = [Qo, the first and third equations in (7.28) can be used to do the corresponding
matrix-vector products. For w, € (C2"2, we have

Guun = vee (3([4 3" 1WA [ 9] = [0 21w [570))
+<[0”I]W1[ (65— 1)151} —[13]w [nlvw UD)

(7.34)
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Fic. 1. The solid curves plot % (left) and % (right) as they vary with € for our
continuous- and discrete-time examples, respectively. The dashed lines depict the values of K(A)
computed by our new methods, verifying their global convergence. The plots were produced using
Chebfun [11] and the methods of [4].

8. Numerical experiments. To validate our methods for computing Kreiss
constants, we implemented proof-of-concepts in MATLAB. The supplementary mate-
rial includes the code, test examples, and a detailed description of the setup in order
to reproduce the experiments in this paper. We plan to add “production-ready”
implementations of our methods to a future release of ROSTAPACK [26].

We considered two 10 x 10 stable matrices based on demos in EigTool [31], one for
continuous-time K(A) and a second for discrete-time [C(A). For the former, we used
A = B — kI, where B = companion_demo(10) and x = 1.001c(B); this matrix has a
large Kreiss constant, and as shown in Figure 1, (1.9) has two local maximizers for this
example. For the latter, we chose A = %SB + %I, where B = convdiff _demo(11);
while this matrix has a small Kreiss constant, it is interesting for testing, as, for this
example, h(r,0) has several local minimizers (see the supplementary material) and,
per Figure 1, (1.4) appears to be nonsmooth (though not at the maximizer). To
verify restarting, we intentionally chose starting points such that global minimizers of
g(z,y) and h(r,0) would not be found in the first round of optimization. In Table 1,
we provide detailed metrics on our three algorithms and see in practice that the
optimization-based Algorithms 5.1 and 6.1 are much faster and more accurate than
the trisection-based Algorithm 6.2. The much higher numerical accuracy of our two
optimization methods is also verified by comparing to Chebfun, with Chebfun being
much slower, even though it was given a small interval containing a global maximizer
attaining K(A). In fact, Chebfun is also much slower than Algorithm 6.2, which is
the slowest of our three new methods, due to the linear convergence of trisection.
As can be seen, Algorithm 6.1 appears to be the best of the algorithms. See the
supplementary material for additional figures showing how Algorithms 5.1 and 6.1
progress from one minimizer to the next to converge to KC(A).

We also evaluated our theoretically faster divide-and-conquer approaches. The
supplementary material includes a demo for reproducing one key experiment of the
many we performed. This demo uses the computations described in subsection 5.4
and subsection 6.3 to respectively compute eigenvalues of (5.5) and (6.6) closest to
a given shift, where v and n were set to the values used in the first 2D level-set test
computed by Algorithm 5.1 when computing K(A) of our continuous-time example.
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TABLE 1
The upper half of the table shows data for our continuous-time example, while the lower half is
for the discrete-time example. A dash indicates that the column is not relevant for the given method.
Chebfun is simply taking the max of the chebfuns produced to make Figure 1, where Chebfun was
supplied a reasonably small interval already known to contain the maximizer attaining K(A).

K(A) 20 Level-set tests  Restarts  Seconds
Chebfun 1.29186707005845 x 105 — — — 97.28
Algorithm 5.1 1.29186707011257 x 10° 6 + 6i 14 2 1.95
Algorithm 6.1  1.29186707015035 x 10° 6 + 6i 2 2 0.76
Algorithm 6.2 1.29181067678395 x 10° 1 89 — 21.48
Chebfun 1.89501339090609 — — — 74.04
Algorithm 5.1 1.89501339090580 —1+1i 15 3 7.18
Algorithm 6.1 1.89501339090580 —1+1i 3 3 1.62
Algorithm 6.2 1.89501305930067 2 81 — 41.04

However, we observed that these shift-and-invert closest eigenvalue computations were
somewhat unreliable when compared to using eig in MATLAB on (5.5) and (6.6)
directly. For space reasons, we forgo many of the details and instead make a few
key observations. First, sometimes the eigenvalues computed by the shift-and-invert
approach did not have even a single digit of agreement to those computed by eig,
but as these eigenvalues were often very close to the origin, this is not so surprising.
Second, we also observed that eigs in MATLAB would sometimes fail to return one
of the closest eigenvalues to a given shift; interestingly, this phenomenon can even be
observed in the paper where divide-and-conquer for 7(A, B) was proposed [15, top
left plot of Figure 3.1]. Third, we also observed that the large eigenvalue problems
sometimes have very close conjugate pair eigenvalues, which may explain some of the
aforementioned difficulties with extracting eigenvalues on the real axis accurately. As
divide-and-conquer is built on the assumption that shift-and-invert eigensolvers are
reliable, addressing the numerical issues above may just be a matter of picking the
right sparse eigensolver. That being said, our initial testing of divide-and-conquer
and its numerical reliability is merely a starting point for future work.

9. Concluding remarks. We have presented the first globally convergent algo-
rithms for computing continuous- and discrete-time Kreiss constants to arbitrary ac-
curacy. Algorithm 6.1, which uses our variable-distance 2D level-set tests, appears to
be the fastest of the three different iterations proposed here, since it requires perform-
ing the least number of these tests. However, for continuous-time Kreiss constants,
upcoming fast deflation methods [18, Chapter 3.1] may enable our fixed-distance 2D
level-set test of subsection 5.2 to be computed with significantly less work, which could
make Algorithm 5.1 more competitive and perhaps even faster than Algorithm 6.1.
While we have outlined the key theoretical differences between the various large eigen-
value problems underlying our fixed- and variable-distance certificates, a systematic
numerical evaluation could help illuminate whether there are any notable differences
in terms of numerical reliability when using dense eigensolvers. Similarly, further in-
vestigation into the numerics of our asymptotically faster divide-and-conquer variants
using sparse shift-and-invert eigensolvers could prove useful.

Appendix A. A 2D level-set test for variable-distance pairs with hori-
zontal orientation. If we modify Theorem 4.6 to consider horizontal pairs of points
a variable distance % apart (instead of a fixed distance 7 apart), to induce cancel-
lation in the proof, we obtain the following results.
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THEOREM A.l. For A € C™*" with a(A) <0, let v € [0,1), n > 0, and (z+, yx)
be a global minimizer of (3.1). If K(A)™! <~ and n € [0,2(y — K(A)~Y)], then there
ezists a pair x,y € R with x > 0 such that

(A.1) 9(x,y) = g(Br,y) =,
where =1+ #

COROLLARY A.2. For A € C™*"™ with a(A) <0, lety € [0,1), n >0, and (T, yx)
be a global minimizer of (3.1). If there do not exist any pairs x,y € R with x > 0
such that (A.1) holds, then
(A.2) KA)™ >y -1

2z, "

Proof of Theorem A.1. The proof follows similarly to the proof of Theorem 4.6,
except that (A.1) corresponds to a distance of 77 := fax — x = % between the two
level-set points, which leads to cancellation, and so 7 € [0,2(y — K(A)71)]. d

The derivation of the corresponding verification procedure, to enable versions of
Algorithms 6.1 and 6.2 using (A.1), is as follows. Suppose 7 is a singular value of both
G(z,y) and G(Bz,y) with respective left and right singular vectors pairs u,v and ,0.
Applying Theorem 5.1 to G(z,y) and G(Bz,y) yields the following two Hamiltonian
standard eigenvalue problems:

A—zxl vyl vl .o |v A—pxl vBxl o . |
(A.3) [ —yxl ozl — A*} {u] i {u] and { —vBxI  Bxl — A*} Ll} = [{J ’

which have a common eigenvalue if

A—zxl ~yal A* =Bzl —fxl |
(A-4) { —yxl ozl — A*] w+w [ ~BxI Bxl —A| 0

has a nonzero solution W € C2"*?", Separating this into two Sylvester forms to

isolate x and then vectorizing yields the generalized eigenvalue problem

5 5 I —I I —~I
(A.5) Biw = zBsw, where By =I5, ® {’YI I] + B [’yl I} ® Ioy,,
B is defined in (6.6), and w = vec(WW). Applying Theorem 1.3 to gg, we see that its

eigenvalues are the pairwise sums of +4/1 — 2 and £84/1 — ~2; hence it is nonsin-
gular if and only if 8 # +1 and v # +1. Furthermore, via Lemma B.3,

(A.6) 32_1 = 2wpBy — wh3,

where ¢ == (1+3?)(1—+?) and w := (1—?)"2(1—~2)"2. However, asn — 0, 3 — 1,
and so By will become closer and closer to being singular as the algorithms progress.
This suggests that it would be better numerically to solve (A.5) as a generalized
eigenvalue problem, rather than solving the standard eigenvalue problem EQ_ 'By. In
terms of the number of arithmetic operations, if A is real, using divide-and-conquer
to compute the positive real eigenvalues of (A.5) only involves matrix problems with
real coefficients. The two eigenvalue problems in (A.3) also have real coefficients
when A is real. Given s € R, y = (B; — sgg)_lw can be computed by solving the
Sylvester equation (A.4) with x replaced by s and its zero right-hand side replaced
by Y, where w = vec(W) and y = vec(Y). In contrast, the computations for the
divide-and-conquer variant from subsection 6.3 require complex arithmetic.
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Appendix B. Some technical results.

LEMMA B.1. Let {v;} be the iterates produced by trisection with {~;} — 7., and
suppose that trisection terminates at the kth iterate with |y« — vi| < ¥ys holding for
some given relative error tolerance ¥ > 0. Then ng < (1 + ¥)7,.

Proof. By construction, v, = L + 1 and L > 0, and so 1 < 7, always holds. If
Vi = Y, then ¥y, > 7% — Y| = Y& — Y, which implies 7 < (1 + ¢)7,. Otherwise,
Vi < 7 must hold, and so it follows that ¥y, > |v% — Vel = 7% — V& > V6 — V- d

COROLLARY B.2. Giwen a fized ¢ > 0, if g > (1 + )74, then the relative error
of trisection at the kth iterate is bounded below by 1, specifically |y« — Vi| > V4.

LEMMA B.3. Let C = [“I *bl] € C2X2" with a,b € C, and let B € C. Then the
matriz D = Iz, @ C + fC @ I, is invertible if and only if a # b* and 3% # 1, where

(B.1) D =2wpD — wD?,

¢ = (1+p%(a®-b%), and w = (1 — %) "2(a? — b*)2
Proof. First note that C? = (a? — b?) I, while using the mixed-product property
of ® yields

D? = (I3, @ C? + B2C? @ I1,) + B(C R C +C ® O)
= (14 8%)(a® = b*) 14> +26C @ C = ¢pI 2 +2B8C @ C.

Using this equivalence for D2, the formula for D~! is verified via

D7D = w(2¢1y,> — D?)D?

(20142 — (s> + 28C @ C))(¢142 + 26C @ C)
(#2142 — 4B%C% @ C?)
(
)? =

w
w
w
w(¢?® — 452( 0%)?) Lin2,

which, by noting ¢ — 43%(a? — b?)? = , is equivalent to Iy,2. 0
LEMMA B.4. Matriz Qy from (7.20) 1s singular.

Proof. Suppose that Qaw = 0 if and only if w = 0, and so
Lrlelyv=[ieleile=0 < [ Wi t] - [5re]Wli vl =0,

where the equivalence holds by unvectorizing the first equation and w = vec(W'). This
generalized Sylvester equation has a unique solution if and only if
0 I I0 I~I 00
o7 ] =Alre]  and [0 ] = A[5r 7]

are both regular matrix pencils and have no eigenvalues in common. However, as

[8 'YII } and [é VOI ] are both singular, the two pencils share zero as an eigenvalue. [
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