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THE QR STEPS WITH PERFECT SHIFTS*

NICOLA MASTRONARDI'" AND PAUL VAN DOORENf¥

Abstract. In this paper we revisit the problem of performing a QR step on an unreduced
Hessenberg matrix H when we know an “exact” eigenvalue Ao of H. In exact arithmetic, this
eigenvalue will appear on the diagonal of the transformed Hessenberg matrix H and will be decoupled
from the remaining part of the Hessenberg matrix, thus resulting in a deflation. But it is well known
that in finite-precision arithmetic the so-called perfect shift can get blurred and that the eigenvalue \g
can then not be deflated and/or is perturbed significantly. In this paper, we develop a new strategy
for computing such a QR step so that the deflation is almost always successful. We also show how
to extend this technique to double QR steps with complex conjugate shifts.

Key words. Hessenberg form, QR step, eigenvalue problem, perfect shift
AMS subject classifications. 65F15, 65F25

DOI. 10.1137/17M1139321

1. Introduction. Computing the eigenvalues of a matrix A is a widely studied
problem in numerical linear algebra. Eigenvalues play an important role in the solution
of explicit differential equations, which can be modeled as

(1.1) Ax(t) = Ax(t),  x(0) =xp, Ae€R™™,

where \ stands for the differential operator. The solutions of (1.1) depend heavily on
the Jordan structure of A at each of its eigenvalues (see [11], [4] for more details).
There are two basic steps in the standard computation of the eigenvalues of a
general matrix A. The first step is to reduce A to a Hessenberg matrix H = UAU”T
using an orthogonal similarity transformation U. This is a well-understood process,
and its complexity is O(n?®) floating point operations. The second step is to perform
a series of QR steps with so-called shifts that are computed during this process and
“converge” to very good approximations of the eigenvalues of A. If such a shift is
an exact eigenvalue \g of A, then, in exact arithmetic, this eigenvalue will appear
on the diagonal of the transformed Hessenberg matrix H and will be decoupled from
the remaining part of the Hessenberg matrix, thus resulting in a deflation. But it
is well known that in finite-precision arithmetic the so-called perfect shift can get
blurred and that the eigenvalue Ay can then not be deflated. In this paper, we develop
a new strategy for computing such a QR step so that the deflation is almost always
successful. The method is based on the preliminary computation of the corresponding
eigenvector x such that the residual (H — \pI)x is sufficiently small. The eigenvector
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is then transformed to a unit vector e; by a sequence of Givens transformations, which
are also performed on the Hessenberg matrix. Notice that what we just described is
a “backward” QR step in which we transform the eigenvalue A\g to the (1,1) position
in H, whereas the standard (forward) QR step moves it to the (n,n) position. These
two are in a sense dual to each other, but we chose to describe the backward variant
here because it is more closely related to the calculation of the staircase form [19],
[12], which was the inspiration for this new method.

The calculation of the Jordan form of a given eigenvalue \g, described in [6], [12],
is perhaps the most direct application of the new perfect shift strategy developed
in this paper. In order to find the complete Jordan structure of a given eigenvalue,
one needs to perform a sequence of deflations with the exact eigenvalue A\g. That
eigenvalue is supposed to be known or computed to sufficiently high accuracy. This
is needed in the calculation of the Drazin inverse of a matrix A [1], but it can also
be applied to the (regular) generalized eigenvalue problem AB — A to deflate the so-
called infinite eigenvalues. The length of the Jordan chains at the infinite eigenvalue
then defines the so-called index of the corresponding system of differential-algebraic
equations (DAEs), and the deflated system gives the differential subsystem of the
DAEs [13], [10].

Another application is the use of perfect shifts in the implicitly restarted Arnoldi
method [16]. As pointed out in [17, Chapter 5, section 2.1], the polynomial filter
applied in this procedure will purge a shifted eigenvalue p only if it can be deflated
after the shifted QR step has been applied. The forward instability of the QR step
with a perfect shift yu may therefore fail to deflate the eigenvalue u, resulting in an
undesired Ritz value p being locked in the spectrum of the approximated eigenspace.

The problem of forward instability of perfect shifts also occurs in the symmetric
case, where the Hessenberg matrix is now tridiagonal. This was pointed out in [3],
where the authors also present an alternative deflation technique which requires a two-
phase procedure with both a forward and a backward decomposition of the tridiagonal
matrix. This procedure is shown experimentally to almost always work and is also
implemented in the MRRR method of LAPACK [15], but it is more elaborate than
the new method presented in this paper.

For the sake of simplicity, we consider only real matrices, since the extension to
complex matrices is straightforward. On the other hand, we will consider the case
where the real matrix A has complex conjugate eigenvalues \g and )\, and we then
apply a real double shift QR step for these two eigenvalues. We will use the following
notation. Matrices and submatrices are denoted by capital letters, i.e., A, B, H. The
entry (4, j) of the matrix A is denoted by the lowercase letter a; ;. Vectors are denoted
by bold letters, i.e., a,b,.... The identity matrix of order n is denoted by I,, and
its ¢th column by ez(-"), or, if there is no ambiguity, simply by I and e;, respectively.
Generic entries different from zero in matrices or vectors are denoted by “x”. The unit
roundoff of a computer is denoted by v and the machine epsilon by €5;. For a machine
using the IEEE floating point standard in double precision, we have u ~ 1.11e-16 and
€nr =~ 2.22e-16. We denote by

I;
B B T
G - c —s 7 [c s}[c s} 1,

S c
Infifl

the Givens rotation acting on the consecutive rows/columns i and i+1 of a compatible
matrix.
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The paper is organized as follows. We introduce the deflation problem of a real
eigenvalue in the next section and do its error analysis in section 3. In section 4 we
give sufficient conditions for a perfect shift QR step and give a procedure to compute
it in section 5. We discuss the extension to a double QR step for complex conjugate
eigenvalues in section 6 and give some numerical examples in section 7. We then end
the paper with a number of concluding remarks in section 8.

2. Deflating a real eigenvalue. We will suppose here that we are already
given the Hessenberg form H := UAUT of the matrix A, and that H is unreduced. If
not, the operations described below can be applied to each unreduced submatrix of a
general Hessenberg matrix H.

In exact arithmetic, if \g is an eigenvalue of the unreduced matrix H and we
perform one backward QR step with shift Ao, the matrix H = QHQT is still in Hes-
senberg form, with its first column equal to A\pe1, and @ is an unreduced Hessenberg
matrix formed by the product of n — 1 Givens rotations G,,—;, @ = 1,...,n — 1.
Unfortunately this may not be the case anymore in finite precision because of the
phenomenon known as “blurring” [20] or because of the ill-conditioning of the eigen-
value Ag. The first column of the computed H might be far from Age1, depending on
the condition number of the eigenvalue Ag.

Therefore, we need to consider alternative constructions of the QR step, for which
we recall the following theorem. Since we want to relate the rotations used in these
different constructions, we will make them unique by choosing the sign of s always
positive when s # 0, and choosing ¢ = 1 when s = 0. The results of this theorem are
well known (see, e.g., [14]) but since we rephrase them for the backward QR step, we
repeat it here.

THEOREM 2.1. Let H € R™ ™ be an unreduced Hessenberg matriz with eigenvalue
Xo- Then the following hold:
1. H has a normalized etgenvector x corresponding to Ao,

Hx = M\ox, ||x]]2 =1,

which is unique up to a scale factor £1, and has its last component x,
nonzero.
2. There is an “essentially unique” sequence of Givens rotations Gn_1,...,G1
whose product
Q:=G1Gy---Gpy

transforms the pair (H,x) to a similar one,

(H,%) := (QHQ",Qx),
where R ~
X = +e;, He; = )\pey;, H isin Hessenberg form.

3. The Hessenberg matriz (H — \oI) is reduced to upper triangular form R with
ri1 = 0 by the orthogonal transformation QT =GT_|...GYGYT, yielding the
factorization

H — X\l = RQ.

Proof. The fact that the normalized eigenvector x is unique (up to a scaling factor
+1) follows from the equation

(H = XoD)x =0, [x[l2=1,
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where (H — Agl) has rank n — 1 since it is unreduced and Hessenberg. For the same
reason, its last component x,, is nonzero, since otherwise the whole vector x would be
zero. The reduction of x to X = @x = te; requires a sequence of Givens rotations,

(2].) Gi_1 eRan, t=nn—1,...,2,

in order to eliminate the entries x;, ¢ = n,n —1,...,2, of the vector x. By choosing
the sign of s in these Givens rotations positive, we made them unique. It follows
from (H — \oI,)x = 0 that [hn’n,l, hn,n—)\o] [“2=1] = 0. The orthogonality of
these two vectors implies then that the Givens rotation G,,_; eliminating x, in the
product G,,_1x is the transpose of the rotation that eliminates h,, ,,—1 in the product
(H — X\oI,)GL_,. We then obtain the expression

X X x | x X
X X ... X | x .

((H = XoIn)Gr_1) (Gnox) = ST I « | =0,
X X | X X
0| x 0

where the elements x are nonzero. Deflating the last row and column in this expression
yields again an unreduced Hessenberg matrix and a corresponding eigenvector. We can
thus follow the same reasoning by induction to show that the rotations transforming
the vector Qx to +e; are the same rotations transforming (H — \oZ,,)Q” to triangular

form:
(H —\D)Q" = {w} =R.

Since @ is an upper Hessenberg matrix, it then follows that the product

QH — \1)QT = {Q} = H — X!

is in Hessenberg form again. This therefore shows that the upper Hessenberg trans-
formation @ transforming the eigenvector x to Qx = +e; is essentially the same as
the one implementing an explicit QR step. For the equivalence between the explicit
QR step and the implicit QR step, we refer the reader to [14].

Finally, since x = +Q7e;, we also have

Re, = r1,1€1 = 0, (Ef - )\O])el =0,

from which it follows that He; = Ao€i. 0

Remark 2.1. The implicit @ theorem is closely related to Theorem 2.1. It implies
that the transformation ) can also be determined from the first rotation G,,_; that
computes

(22) [hn,n—la hn,n - /\0] szl = [ 0 x ]

and from the fact that QHQT is still Hessenberg. This is known as “chasing the
bulge” [21].
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Theorem 2.1 also says that there are three alternative ways to determine the
sequence of Givens rotations (2.1):
1. Determine @ from @Qx = +e;.
2. Determine @ from (H — M\gI) = RQ.
3. Determine G,_; from (2.2) and the rest of @ from the Hessenberg form of
H:=QHQT.
Although these three different approaches are equivalent in exact arithmetic, their
numerical implementations are different. In the following two little examples the
eigenvector approach is clearly the most reliable method.

Example 2.1. Let H be the following 3 x 3 unreduced Hessenberg matrix with
eigenvalue \g = 0, given by its factorized form:

0 1 0 NS |
H=RQ, R:=|0 em 1 , Q=1 +v2 1 -11/2
0 0 eu 0 V2 V2

where R is upper triangular, @) is orthogonal and Hessenberg, and €); is the machine
epsilon in double precision. The product is given by

0.707106781186548  0.500000000000000 —0.500000000000000
H = | 0.000000010536712 0.707106788637128  0.707106773735967 | ,
0 0.000000010536712  0.000000010536712

and the exact QR step would thus yield the transformed Hessenberg matrix

~ 0 0.707106773735967 —0.499999992549419
Hepoer = QR = | 0 0.707106788637128  0.499999992549419 | ,
0 0.000000010536712  0.707106791723260

which clearly yields a deflated problem with the eigenvalue Ay = 0 in the (1,1) position.
But when recalculating the RQ factorization of H by using two Givens rotations
constructed from the elements of H, we obtain

0.000000001471273  1.000000000000000 0
Ry = 0 0.000000014901161  1.000000000000000 | ,
0 0 0.000000014901161

and for the resulting product @ Ry,

~ 0.000000001040347 0.707106773735967 —0.499999992549419
H; = | 0.000000001040347 0.707106788637128 0.499999992549419 |,
0 0.000000010536712 0.707106791723260

which shows the blurring of the shift. The same is observed when using the implicit
shift strategy, which yields essentially the same updated Hessenberg matrix (they only
differ in the 16th digit)

~ 0.000000001040347 0.707106773735967 —0.499999992549419
Hy = | 0.000000001040347 0.707106788637128  0.499999992549419
0 0.000000010536712 0.707106791723260

On the other hand, if we compute the right eigenvector x of H, it appears to be
(up to €p accuracy) the vector

X = [ 0.707106781186548 —0.500000000000000 0.500000000000000 ]T,



1596 NICOLA MASTRONARDI AND PAUL VAN DOOREN

and the Givens rotations used to transform this vector to e; appear to implement
correctly the perfect shift QR step, since now we obtain the desired result up to €,
accuracy:

3 0 0.707106773735967 —0.499999992549419
H;=| 0 0.707106788637128  0.499999992549419
0 0.000000010536712  0.707106791723260
We point out that we have put equal to zero all elements below the machine accuracy.

The next example is a symmetric one, which was considered in [3] in order to
analyze the failure of perfect shifts for symmetric matrices.

Example 2.2. Let T be the symmetric tridiagonal matrix

2 1
1 14+p »p
T= P20 p
p 1+p 1
1 2

For p < 1, the smallest eigenvalue \; of T lies in the interval (0,2p). Let AM be
the smallest eigenvalue of T' computed by eig of MATLAB (version 2014b), and let
us try to perform a perfect shift with this approximation AM. For different values
of p, we computed one step of the implicit QR method (IQR) obtaining the matrix
T?; one step of the explicit QR method (EQR) obtaining the matrix TF; one step
of the “eigenvector” method (Eigv) obtaining the matrix T, where the eigenvector
x; was computed applying one step of inverse iteration to (7' — A/ I5); and one step
of the “eigenvector” method with balancing (Eigv_B), as explained later in section 5,
obtaining the matrix T'B.

In Table 2.1 the difference between the entry (1,1) and A} and the absolute
value of the entry in position (2, 1) of the computed matrices are displayed. Moreover,
in the last row we give the 2-norm of the part of the matrix obtained applying the
eigenvector method, below the first subdiagonal. If the implementation of the QR step
is successful, the corresponding values should be of the order of €5/ ||T||2 =~ 5.8132¢-16.

For the other eigenvalues of T' the deflation is performed in an accurate way with
all the considered methods.

TABLE 2.1
Numerical errors in the perfect shift strategies IQR, EQR, Figv, and Fig-B.

p 108 10—10 10-12 10—14
IQRs | [tf, —AM[ | 2.2204e-16  8.0483e-12  3.3766e-07  2.5821e-07
IQRs [t34] 7.5101e-09  2.8369e-06  5.8108e-04  1.6067e-02
EQRs | [t; —AM| | 4.4000e-16  8.1391e-12  2.8734e-07  2.5467¢-06
EQRs It5 | 1.6564e-08  2.8529e-06  5.3604e-04  1.5958e-03
Eigv [ty =AM | 1.3235e-23  2.5849e-26  8.0779e-28  3.1554e-30
Eigv [ty 6.0072e-15  2.9330e-17  3.6704e-16  1.2927e-17
Eigv | tril(TV,—2) | 3.2725e-15  2.2572e-16  1.3975e-16  4.9607e-17
Eigv B | [tf, —AM| | 1.3235e-23  2.5849e-26  4.0390e-28  3.1554e-30
Eigv_.B 65| 2.1766e-24  5.1699e-26  8.0779e-28  3.1554e-30
Eigv.B | tril(T5,—2) | 4.8057e-24  8.7043e-26  1.6339e-28  3.5734e-30
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In [3] an alternative method for implementing the perfect shifts was presented
for this example, but it is more involved than the eigenvector approach presented in
this paper. We will also analyze when the eigenvector method can be proved to be
successful.

3. Error analysis of a QR step. In this section we briefly recall the error
analysis of a QR step. For this, we use the model described in [8] for inexact arithmetic
on a machine with unit roundoff w and v, := $%;—, and we will ignore the effects of
gradual underflow. For the proof, we refer the reader to the appendix.

THEOREM 3.1. Let H be an unreduced Hessenberg matriz, and let Ay be an ar-
bitrary shift. Let the sequence of Givens transformations G; be constructed from the
explicit QR step, and let Q be the accumulated product of the corresponding exactly
orthogonal transformations G;. Then, in inezact arithmetic, the computed Hessenberg
matriz H satisfies

(3.1) QUH+AR)Q" =H+ Ay

with R
1AllF <YenllH = Xolnllr,  1A7lIF < YenllH = Xoln| 7,

where the perturbations Ay and Ag are Hessenberg as well and where c is a moderate
constant of the order of 1, provided the rotation parameters are computed via the
standard construction.

Remark 3.1. We point out here that Theorem 3.1 does not apply to the implicit
QR step. For this, one can prove the weaker result that Q(H + Ag)QT = H, where
the backward error Ay satisfies ||Ag||F < 2ven||H || F, but without the constraint that
it is Hessenberg. We refer the reader again to the appendix for its proof.

Remark 3.2. Notice that the bounds for ||[Ag| r in Theorem 3.1 and Remark 3.1
are comparable, since ||H — A\oI,||r and ||H||r are almost equal when the shift \g is
selected according to the standard QR procedure.

We will then say that the QR step with shift Ao is “perfect,” provided H is
Hessenberg and if, moreover, the (1,1) and (2, 1) entries of H + A 5 satisfy

ﬁl,l + 51,1 = Ao, B2,1 + 52,1 =0,
or equivalently, up to machine accuracy, one would have
hii~ X, hag=0.

This would imply that e is the eigenvector of H+A f corresponding to the eigenvalue
Ao and that the vector x := Q%e; is the eract eigenvector of a perturbed Hessenberg
matrix H + Ay corresponding to its exact eigenvalue \g. Notice that the use of the
forward error A is needed for this interpretation. Usually, a tolerance 7 is specified
for the errors Ay and Ay in (3.1) that is of the order ey/||H|| 7 and compatible with
the bound of Theorem 3.1 or Remark 3.1, i.e., T > Yep max(||H — XoIn|r, 2| H|| F)-
In what follows, we will insist that the backward error Ay is Hessenberg, because we
will be able to construct such a perturbation.

DEFINITION 3.2. A (backward) QR step with shift Ao is “perfect” if it corresponds
to a perturbed Hessenberg matrix H + Ap with |Ag||r < 7 for which the (backward)
QR step satisfies (3.1) exactly and for which (\o,X) is an exact eigenvalue/eigen-
vector pair. Moreover, the property that \g is an exact eigenvalue of the transformed
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matriz H is made possible by a perturbation Ay of norm |Ag|r < T by setting the
elements hi1 and ho 1 to the nearby values Ao and 0, respectively.

Notice that this error analysis does not say if, for a given matrix H, a shift Ay will
be “perfect” and show up in the (1,1) position of the computed matrix H since we
do not know what backward errors correspond to it, and these can affect the forward
errors a lot. One would think that it suffices to have the property

(3.2) I(H — XoLn)xl|l2 = epm||H — Moln|2,

where x is the presumed eigenvector since it yields a small residual, and where €;; is
the machine epsilon of the computer used. This would imply that the first column of
(H — Aol) is of the order of epr||H — Aol ||2, or in other words

hii—Xo~emlH = Molnll2, hoa = enr||H — Mol ||2,

and this would mean that the (1,1)-element is very close to Ag and can be deflated.
But clearly this is not what happens in Example 3.1 below, since that condition is
not sufficient there.

Example 3.1. Let H be the following 3 x 3 unreduced Hessenberg matrix,

0 1 Jem
H:=| ermr 0 1 . 1 H|2 =1,
0 €M 0

and let us suppose that we have an approximate eigenvalue/eigenvector pair (Ao, X),
. T . .
where \g =0 and x = [ 1 Y2, —¥em ] , with residual

0
(H—)\()I)XZGM 0
1

The €j7-small residual indicates that there exists an €;-perturbation A that makes
H + A singular, but it is not Hessenberg. For example,

1 0 0 0
(H+A-XD)x=H+A)| ¥, | =0 for A:==| 0 0 0
—Jem —ep 00

If we insist that the perturbation is Hessenberg and with the same eigenvector x, then
we have as minimum norm solution

0 0 0
Ay = 0 0 0 / (]_ + 13/ 6?\/[) ,  with HAHHQ ~~ \3/ 6?\/[.
0 —€NM Y 6%4

So in order to be able to perform a perfect QR step, we must know the eigen-
value/eigenvector pair (M\g,x) to higher accuracy. But what precision is actually
needed?
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4. Sufficient conditions for a perfect shift QR step. In general, we do not
have an exact eigenvalue/eigenvector pair of a given matrix H, but rather just an
estimate of the eigenvector x and corresponding eigenvalue A\g. We have shown in
Example 3.1 that this can be quite problematic in general. But as we will see below,
it suffices to know some of the components of the eigenvector to a higher accuracy.

Let us assume that H — o[ is nearly singular in the sense that its smallest singular
value g := opmin(H — MoI) is equal to €||H — AgI||2, with € of the order of the machine
accuracy. This suggests that Ay might be a good choice for a perfect shift. Let us
then choose as approximate eigenvector the vector v minimizing the residual

(4.1) m‘i,n I(H = Xol)Vl]2, |lv]2=1.
An optimal solution v to this problem is given by the right singular vector of (H—M\oI):
(42) (H—/\()I)V:U., Hu||2 =0 = O'min(H—A()I).

From this, one also finds the minimum norm perturbation A = —uv” of 2-norm o
ensuring that v is a true eigenvector of H + A,

(H+ A —XI)v =0,

but this solution is not Hessenberg in general. In the next lemma we look for the
minimum norm perturbation while imposing this Hessenberg structure, starting from
an arbitrary pair of vectors (u,v) satisfying

(4.3) IVl2 =1, u=(H-XI)v.

LEMMA 4.1. The minimum Frobenius norm solution Ay of Hessenberg form

5]7,1,1 5h271 e 5h1,n
Oha1 Ohao e 0han
Apg = . .
5hn,n—1 5hn,n
to the system
(4.4) (H+ Ay —XI)v=0, (H—XI)v=nu,

where ||[v]2 =1 and v, # 0, has Frobenius norm equal to

(4.5) IAF|F = lui/vi,us/vay ..oy un /a2,

where
vy = ]., V; = ||[’Ui,1,’l)i, e ,vn,hvn]Hg, Z = 2, ey

Proof. 1t follows from (4.4) that
Agv = —u,

which is a linear set of equations. It has a minimum Frobenius norm solution which
we solve row by row. Let row 4 of this equation be

(4.6) 0,...,0, 8hr v =—u,
~—

min(n,n—i+2)
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with
T
5hz = [5}1171‘_1, (Shiﬂ', ey 6hi,n]a

and let
VZ - [vi—lavi7 .. 7vn—1avn]7 Vi = ||V1||2a

be the subvector of v involved in (4.6). Then clearly the minimum norm solution of
this equation is

T
V3 .
5h;r = 5. [6hil2 = [uil for 1=2,...,n
||Vi||2 v;
and
(ShT = —ulvT, ||5h1||2 = |U1|
Since these equations all involve independent rows of Ap, the result follows. 0

Remark 4.1. It is easy to see that the subsequent vector norms v; satisfy the
inequalities
v < - <Sv3 <=1 =1,

where v,, = || [ Up—1 Up } l2. Therefore the Frobenius norm for Ay is bounded by

Janle < 1202

— )
n

and hence the Hessenberg perturbation Ay is then of the same order as the unstruc-
tured perturbation A if v, &~ 1.

Another way to guarantee a bound for Ay that is of the same order as the
unstructured error A is to compute the approximate eigenvector x in such a way
that the residual vector (which we now denote by r = (H — A\oI)x) satisfies stricter
conditions. This is shown in the next theorem.

THEOREM 4.2. Let H be an unreduced Hessenberg matrixz, and let us have an
estimate of an eigenvalue/eigenvector pair (Ao, X) satisfying

r:=(H - X I)x, [x]2=1,
where

x;r = [xi—lvxiv"'vwn—laxn]a Vi 1= ||Xi||27 i= 2a"'an7

(47) 11 :17 Q = ’I’i/Vi, and ||[€17€27~--7€n]||2 SGMHH”F;

and let the Givens rotations G; be computed to annihilate element x;11 for i =mn —
1,...,1 of the approximate eigenvector x and transforming it to e;. Then the product

Q:=G1Ga- -Gy,

where each G; is the exactly orthogonal Givens rotation corresponding to G, yields a
perfect shift implementation of the QR step applied to H, in the sense that there exist
backward perturbations Ay and Ax such that

QUH+AMQ" =H, Qx+Ax)=e, |Aullr<ceml|H|r, [Axll2 < cenr,

where ¢ is a constant of the order of 1.
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Proof. We first prove that the Givens rotations constructed to annihilate the
successive entries of x;41 for ¢ = n —1,...,1 of the approximate eigenvector x also
yield the RQ factorization of a nearby Hessenberg matrix, as indicated in Theorem 3.1
and Lemma 4.1. We can solve for the backward perturbation Ay recursively by only
considering problems in R2. For the first step we define

o hn—l,n L Tn—1
v [ ] v [

Then our conditions imply that h”'v/||v|y = 7,,/vn = én < err||H|r. Obviously we
are satisfying the condition of Lemma A.2, and the transformation constructed to
eliminate z,, in v can thus be applied safely so that there exists an €,-small pertur-
bation in the bottom row of (H — A\oI) that yields a “0” in the (n,n — 1) position of
the matrix R (the relevant elements are indicated with a *). After applying this first

Givens transformation G, _1, the effect of the first Ay thus yields

X X L..o0x X X X X
X X L..0x X% XX .| x
(H+Ap = Xol) = S | Gn-1,
X X X X X
X X O‘f’

where G,,_1 is the exactly orthogonal Givens rotation eliminating x,, and the guar-
anteed bound for Ay is

||AH||F < Tn/Vn =6, < 61\/1HI{HF

Since now we also have

we need only consider the “deflated” problem of order n— 1, which is again in Hessen-
berg form, and the deflated eigenvector x corresponding to it. Taking Lemma A.2 into
account, the next set of Givens rotations G,,_;, i = 2,...,n—1, is computed in a sim-
ilar way, and for each of them the conditions (4.7) are exactly those of Lemma A.2.
Moreover, the squared Frobenius norm of Ay grows with é2_, = (r,_;/v,—;)? at
each step. Therefore we obtain by induction that the R(Q factorization step of the
QR step yields the required backward bound ||Agl|lr < c.ep||H||r- The bound
|Ax|l2 < erml|x|l2 = c.enr follows from the standard analysis of Givens rotations ap-
plied to a vector. One then still needs to perform the Givens transformations on the
left of the matrix R to complete the similarity transformation, but it follows from the
proof of Theorem 3.1 that the increase of Ag in this second step is of the same order
as in the first step, and that it stays Hessenberg. 0

We summarize this so-called eigenvector method below by giving a pseudocode.

1) function [H,\,x] = eigenvector method(H,x,n);
2) fori=n—1:-1:1,
)
)

W

G = givens(z;, Tit1);

=

Xii41 = GXmA-l;
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5) Hip1,. = GHiiqa,
6) H. 41 =H. ;.i11GT;
7) end;

8) A=Hiu;

The key point in this theorem is of course that we need an approximate eigenvector
x with a sufficiently small residual, especially in the components where each trailing
subvector x; has small norm v;. We explain in the next section how to compute such
an approximation.

5. Computing an eigenvector by scaled inverse iteration. In this section
we show how to compute an approximate eigenvector x of an unreduced Hessenberg
matrix such that its residual r satisfies the conditions (4.7) requested by Theorem 4.2.

The basic idea here is to apply a diagonal scaling (with d > 1)

(5.1) D := diag(1,d,d?,...,d" ")

that “balances” the entries of x without affecting too much the norm of H.

THEOREM 5.1. Let H be an unreduced Hessenberg matriz, and let (Ao,x) be an
approximate eigenvalue/eigenvector pair. Then there always exists a scaling D of the
form (5.1) such that the transformed pair (Hp,xp) := (DHD™', Dx) satisfies the
constraints

|Hpllr < dlHr, d:=max (minf max {2 /e, /""", max {foi/za]"7}],1)
i<n—2 i<n—2

and such that the largest component of xp is one of its last two components.

Proof. The elements of the scaled vector xp are all nonzero and are given by

Xp = [ 1 dre ... d" 2z, d" 'z, ] .
The element d"~2|z,,_1| will be larger than all d*~!|z;| for i < n — 2 if and only if
d" x| > d7 ey = dVTN > i ea] = d> |xi/xn_1|l/”_i_1.

If x,_1 = 0, this quantity is clearly infinite and must be dismissed. We also compare
the element d"~!|x,| to all d*~!|x;| for i <n — 2, implying

d" Map| >d e = dVP > n/e.] = d> \xi/xn|1/"_i.

Since z,, # 0 this value for d is finite. If one of these two values for d turns out smaller
than 1, then the largest element of x was already in position n—1 or n, and we should
then choose d = 1 (i.e., no scaling). If both values are larger than 1, we choose the
best conditioned transformation, i.e., the smallest of both values for d. This explains
the value for d. For the bound on ||Hpl||r it suffices to point out that all nonzero
elements of H are scaled by a number smaller than or equal to d. 0

Remark 5.1. The bound ||Hpll2 < d/(1 —d~?)||H||2 for the 2-norm follows from
[9, section 5.5.18]. For d > 2 this can also be bounded by ||[Hp|ls < 4¢||H|l5. More-
over, in practice we typically have ||Hpllz ~ |[H||2 and ||[Hpl|r = [[H||r since only
n — 1 elements of H are scaled with d, while most of the other elements decrease.
The same obviously holds for the shifted matrices Hp — AgI and H — A\gl. Finally,
for matrices of dimension n > 10 the values for d are often smaller than 10 since the
scaling on the last two elements of x are of the order of d”~2.
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Remark 5.2. In order to make sure that the scaling process with the diagonal
transformation D does not introduce too much roundoff noise, we can approximate
d by the nearest power of 2. In that way, the transformation to the scaled system
(Hp,xp) := (DHD™!, Dx), as well as its inverse transformation, can be implemented
without any roundoff.

LEMMA 5.2. Let xp be an approzimate normalized eigenvector of Hp correspond-
ing to eigenvalue g, and let the residual vp := (Hp — MI)xp be computed with
accuracy ||rpll2 < €||Hp — Aol||2. Then

(5.2) r?) < rpll2 < ev/nl|Hp — Mol |21,
and the rescaled residual v := D~ 'rp satisfies the bound

(5.3) ri < evnlHp — MI|2 P /di=".

If we assume d > 2 and use the bound

(5.4) 1/i(D)/di*2 < ey,

we obtain the simplified inequality

(5.5) ri < (dep/n/3)el|H — Mol ||2v;

in terms of the rescaled vector x := D™ 'xp and its subnorms v;.

Proof. We have the result ||rpll2 = [[(Hp — AoI)xpl|2, for which we have reached
a bound ¢||Hp — Mo ||2. Because of the scaling technique and the construction of d we
know that there are two “largest” elements of xp of equal magnitude. One of them
is in the last two components, and the other one is in the first n — 2 components. As

a consequence of this, we know that the norms VZ-(D) of the subvectors of xp satisfy

1/vn < <1,

and hence are approximately of the same size. This then yields the desired bound

(5.2). Since r; = r'”)/d=1 we also have the bound (5.3). Finally, using the bound
(5.4) and Remark 5.1 yields the inequality (5.5). d

Remark 5.3. In the above lemma, we would have hoped for the stronger bound
T S €||H — )\OIHQVi-

The following remarks encourage us to believe that such a result is often true. One
can expect that xp and rp are both “balanced” in some sense, because they result
from a minimization problem with a well-distributed eigenvector and residual:

rP) & leplla/ Vi < el Hp = MoT |,

This type of inequality is preserved when transforming back r; = TED) /d*=t and
v & yi(D) /d*=2, provided the elements of xp are randomly distributed. Under these

assumptions, one can expect that ¢, ~ 1 and that the factor /n in (5.2)—(5.5) can be
dismissed.
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The described algorithm is summarized in the following pseudocode, which uses
the function eigenvector method described earlier.

Proposed algorithm
Input: H, Hessenberg matrix;
(Mo, x), approximation of an eigenpair of H;
€, the tolerance
Output: H, (A, %), the deflated Hessenberg matrix and the computed eigenpair

1)  compute r(H,\g,x)=(H — NI)x;

2) compute ;= |Xi—1m|2,t=2,...,n, v1:=1;and & :=7r;/v;, i =1,...,n,
3) if ||[é1,éa,...,énll2 < €||H]F,

4) [H, )\ %] = eigenvector method(H,x);
5) else

6) compute d asin §4

7) Hp=DHD™ Y,

8) xp = Dx; xp = xp/||xpll2;

9) % apply one step of inverse iteration
10)  xp = (Hp — Aol)xp; xp =xp/|[xpl2;
11)  A=xLHpxp;

12) % back to the initial coordinate system
13) Xb:D_1XD; Xb:Xb/HXb”Q;

14) [H, )\, %] = eigenvector method(H, xy);
15) end

6. Complex conjugate roots and the perfect double shift. If a matrix H
has a pair of complex conjugate eigenvalues A\g = a+ 38 and Ay = a+ 70, then it still
has a real invariant subspace V of dimension 2, corresponding to the eigenvectors

6.1)  H(v+yw) = (a+8)(v+yw), HV—jw)=(a—=38)(v—jw).

This can indeed be rewritten as a real matrix equation,

a p
(6.2) HV =VAy, where V::[V W],A0:=|:_B a}’
which defines the invariant subspace V of H spanned by the columns of V', and with
constrained spectrum sp(Ag) = {Ao, Ao}. When choosing a different basis for the same
space, such as an orthonormal basis V' obtained from the QR decomposition of V,
one obtains a similar equation with the same constrained spectrum,

(6.3)  HV =VAy, where V:=VR™' Aj:=RAR™, sp(Ag) = sp(Ao).
Finally, V is also in the kernel of the real matrix
Hp, = H? — (Mo + Xo)H + (MoXo) I, = H? — 2aH + (o + )1,

since both eigenvectors v+jw are in its kernel and span the real subspace V. Moreover,
if H is an unreduced Hessenberg matrix, Hy, has a nonzero second subdiagonal, and
its nullity is at most 2. Therefore its kernel is exactly V. For the same reason, the
bottom 2 x 2 submatrix of V is invertible, since otherwise the basis V would be rank
deficient.
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We now give different alternative constructions of the double real QR step for
pairs of complex conjugate eigenvalues of a real Hessenberg matrix (see also [5, sec-
tion 7.4.5] for further details). For this purpose, we make the orthonormal basis of V
essentially unique by applying an additional orthogonal column transformation U to
the orthonormal basis V' to annihilate the (n, 1)- element in the product VU. In other
words, U triangularizes the bottom 2 x 2 submatrix of V. Let us denote this product
as X and its columns as x and y:

X::VUZ[X y |, where 2, =0, 2,_1 #0, y, #0.

It then follows that all such orthonormal bases are unique up to a diagonal sign scaling.
In the subsequent lemma, we again make the Givens rotations unique by choosing the
sign of s always positive when s # 0, and ¢ = 1 when s = 0.

LEMMA 6.1. Let H € R™ "™ be an unreduced Hessenberg matriz with complex
conjugate eigenvalues \g and Ng. Then the following hold:
1. H has an invariant subspace corresponding to the spectrum g, \o with or-
thonormal basis X,

HX = XAg, sp(Ao) = {Xo, Ao}, XTX =1,

which is unique up to a sign scaling S := [iol fl} and has x, = 0 and nonzero

Tn—1 and Yn,
2. There are “essentially unique” sequences of Givens rotations Gn gre e Ggf)
and GflyEP ce Ggy) whose product

(6.4) Q= (@6 -GG 6y - ay)

transforms the pair (H, X) into a similar one,

(H,X):= (QHQ",QX),
where
X =FE.S:= [ e e ] .S, HX =XAy, Hisin Hessenberg form.

3. The matriz (H — X\oI)(H — X\oI) is reduced to upper-triangular form R, with
leading 2 x 2 block Ri1 = 0, by the “essentially unique” column orthogonal
transformation QT, yielding the factorization

Hpy = H? — (Ao + M) H + (AoXo) I = RQ.

Proof. The fact that the normalized basis X is unique (up to a diagonal sign
scaling factor S) follows from the equation

Hy X =0, X'X=1,,

where Hj, has rank n — 2 since it has a nonzero second subdiagonal. The only degree
of freedom is a 2 x 2 orthogonal transformation acting on the columns of X, but since
the bottom 2 x 2 block of X is [“5" “»~*] with nonzero diagonal, that degree of
freedom reduces to a diagonal sign scaling S.

The reduction of X to X = QX = FE;S requires a first sequence of Givens

rotations,

(6.5) G e R™™, i=n—1,...,2
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in order to eliminate the entries x;, i =n —1,..., 2, of the vector x. Then it requires
a second sequence of Givens rotations,

(6.6) GYW e R™™ i=n,....3,

in order to eliminate the entries y;, i = n,...,3, of the vector y. The only degrees
of freedom for these Givens rotations lie in a left and right diagonal scaling with
elements of modulus 1. After these rotations have been applied, X := [ X y ] still
has orthonormal columns, which implies that x = +e; and y = +e,, and hence proves
point 1.

These Givens rotations are the same ones that reduce

Hp, QT = {w} =R

to upper-triangular form. To see this, we note that most of the Givens rotations in @
commute with each other, which implies that we can also write

(6.7) Q= (GGG G -+ (G21GL2).

n—2

W) @

After applying the first pair of rotations Q1 := (G,;”,G,,’5) to X and their transpose

to Hy,, we clearly have the pattern

X X X ... X|x X X
X X X ... X|x -
X X X ... X | X ’ ’
(Hp,Q1)(Q1X) = XX =0
: X X
X X X | x 0 x
i 0 O[x ][0 0]

since the bottom row of (H,Q7) must be orthogonal to (Q;X) (the relevant elements
are indicated with a 7). Repeating this recursively to ;1 - - - @1 X with two rotations

Q; = (Ggly_)iGgf_i_l) fori=2,...,n—2 shows indeed that Hx,@QT = R must be upper
triangular, except for the first two columns of R. These must be zero because of the
orthogonality constraint with X, which completes the proof of point 3.

Finally, let us apply @1 as a similarity to the Hessenberg matrix H. Then we

have the following pattern of nonzero elements:

[x X ... X|x %X x x] [ x  x ]
X X X X X X X
QlHQ{: X X X X X X , QlX: X X :O,
X | X X X X X X
X X X X XX
X X X X 0 x
i h h h x| L0 0 |

which shows a 4 x 4 bulge at the bottom of the (transformed) Hessenberg matrix
Q1HQT. But because of the equality

(QIHQT)(Q1X) = (Q1X)Ao,
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it follows that the submatrices marked with a * are orthogonal:

[ h h h] =0.

> X Xo»
X> X> X»>

Therefore, the next matrix Qo = GgLyEQG;xJB, which acts on the right factor, automat-
ically annihilates the first two elements of the left factor as well:

68)  ([h h h]Q3)|Q: [0 0 &] =0.

S X> X»

X
0
0

> X X
X> X> X>»
I

It then follows that in Q2Q1HQT QT the bulge has moved up one row and column.
Repeating this argument for all transformations @Q; = Ggly_)iGgfji_l then completes
the proof. ]

The equivalence of points 1 and 2 is well known in the literature, but since we will
now analyze backward error bounds in these transformations, it was important to give
these relations in more detail. The transformation described in (6.8) will especially
play an important role in this analysis.

6.1. Backward errors in the double QR step. In this subsection, we give
the double shift analogue of the discussion given in section 3.

THEOREM 6.2. Let H be an unreduced Hessenberg matriz, and let Ay and o be a
pair of complex conjugate shifts. Let the sequence of Givens transformations GZ(-‘T) and
Ggy) be constructed from the implicit double QR step, and let QQ be the accumulated

product of the corresponding exactly orthogonal transformations C:'Ex) and C:'Ey) Then
in inexact arithmetic, the computed Hessenberg matriz H satisfies

Q(H + AH)QT = ﬁ,
with
[Au|F < 4venl H| F,

where ¢ is a moderate constant of the order of 1, provided the rotation parameters are
computed via the standard construction.

We will then say that the double QR step with shifts sp(Ag) = {Xo, 5\0}~ is “per-
fect,” provided H is Hessenberg, and moreover the leading two columns of H satisfy,
up to machine accuracy,

f:l1,1 }:11,2
ha1 @2,2 ~
0 h372

which we can “absorb” in a forward error Ag. This would imply that F; spans an
invariant subspace of

(6.9) H+ Ay =Q(H+Ap)QT

corresponding to the spectrum of Ag and that the span of X := QT E; is the exact
invariant subspace of a perturbed Hessenberg matrix H + Apy corresponding to the
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spectrum of Ag. Notice that the use of the forward error Ap is needed for this
interpretation. Usually, a tolerance 7 is specified for the errors Ay and A that is of
the order of €| H||r and compatible with the bound of Theorem 6.2.

This is again a backward error analysis, and it does not say anything about the
forward errors, but it implies the following, where F; := [ e e }

DEFINITION 6.3. A double (backward) QR step with shifts Ao and g is “perfect”
if it corresponds to a perturbed Hessenberg matrix H+ Ay with |Ag||r < 7 for which
the (backward) QR step satisfies (6.9) exactly and for which (Ao, QF1) is an exact
“spectral pair.” Moreover, the property that Ao and \g are an exact eigenvalue pair
of the transformed matriz H is enforced if we set the leading 2 x 2 block and hz o to
the nearby values SAyS and 0, respectively.

Notice that here again we constrain ourselves to a Hessenberg backward error
Ay, because we show how to construct such a perturbation.

6.2. Structured backward errors in the double QR step. We now derive
bounds for the structured backward errors. For this, we assume that we have com-
puted an approximate basis X for an invariant subspace of H with presumed spectrum
()\0, )\0)2

HX —XAo=U, XT'X=1, |U|r<]1.

LEMMA 6.4. The minimum Frobenius norm solution Ay of Hessenberg form

5h1,1 (5h271 te 5h1,n
6h2,1 5h2)2 te 5h2,n
Ap = . .
5hn,n—1 5hn,n
to the system
(6.10) (H+Ap)X — XA =0, HX —XAg=U,

where XTX = I, has Frobenius norm bounded by
| diag (v, va, ..., Vn)*lUHF7

where
=1 Vvi=0minXGE—-1:n,:),i=2,...,n.

Proof. Tt follows from (6.10) that
AgX =-U,

which is a linear set of equations. It has a minimum Frobenius norm solution which
we can solve row by row. Let row 4 of this equation be

(6.11) 0,...,0, d8hl X =—u/,

min(n,n—i+2)
where ul" denotes the ith row of U, and

Sh] = [6hi; 1,0Ri4, ... 0hin].
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Since v; is defined as the smallest singular value of the submatrix X (i — 1 : n,:)
involved in (6.11), clearly the minimum norm solution for this row satisfies

oh!l = —ul'X(i—1:n,)%, ||6hillz < ||wil2/omin X (i —1:n,:),

where X (i — 1 : n,:)" denotes the pseudoinverse of that matrix and has 2-norm
bounded by the inverse of its smallest singular value. Notice that for rows 1 and 2 the
matrix X is complete and its smallest singular value is 1. Going over to the Frobenius
norm of Ay then completes the proof. 0

As was also shown in the single real shift case, we now give sufficient conditions
for attaining a satisfactory result for the backward structured error.

THEOREM 6.5. Let H be an unreduced Hessenberg matriz, and let us have an
estimate of an invariant subspace X with constrained spectrum (Mo, Ao) satisfying

U:=(H- X)X —-XNy, X'X=1I,
where

(6.12) | diag(vy, va, ..., vn) U p < €||H||F,

=1 vi=opminX@i—1:n,:),i=2,...,n,

and let the Givens rotations Ggm) and Ggy) be computed to annihilate the successive
entries of xiy1 fori =n—2,...,1 and y;41 fori=mn—1,...,2 of the approximate
invariant subspace basis vectors x andy, and transforming them into e; and es. Then
the product
Q=G -GG - Gy)

of the corresponding exactly orthogonal Givens rotations yields a perfect shift imple-
mentation of the double QR step applied to H, in the sense that there exist backward
perturbations Ay and Ax such that

QUH+ARQT=H, Q(X+Ax)=[%e, xes], [Au|r < cen|H]|r, [|Axlr < cen,

where ¢ is a constant of the order of 1.

Proof. The proof is completely analogous to that for the single real shift case but
relies this time on Lemma A.3. ]

The key point in this theorem is again that we need an approximate basis X for
an invariant subspace, with a sufficiently small residual, especially in the components
where each trailing submatrix of X has small values v;. Such a basis can again
be obtained using a diagonal scaling technique very similar to the one explained in
section 5, except that now we apply a diagonal scaling,

(6.13) D := diag(1,d,d?,...,d"2,d""?),
where d > 1, that “balances” the row vectors of X without affecting too much the
norm of H.

THEOREM 6.6. Let H be an unreduced Hessenberg matriz, and let X be a basis of
an approximate invariant subspace with constrained spectrum Ag. Then there always
exists a scaling D of the form (6.13) such that the transformed pair (Hp,Xp) =
(DHD™',DX) satisfies the constraints

IHpllr < d|H]|p, d:=max(max {(n;/o)"/"""1} 1),
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where n; = ||[zi,yi]ll2 and o = opmin [m"ofl y;:] and such that the transformed
matriz Xp has a bottom 2 x 2 block with i, larger than or equal to the row norms

from 1 ton — 2.

Proof. The proof is very similar to that in section 5 by reasoning on the vector
[ ni dng ... d" 3n,_o d" 20 }

and using o # 0. The fact that the last two rows are lumped together in a 2 x 2 block
explains why the diagonal scaling D has its last two powers of d equal. ]

It then follows from this scaling that the smallest singular value J,(fl)m of the

submatrices DX[i : n,:] are all bounded as follows:
07(,7:;11) < 0'7(7?2»71 < \/ﬁaf,?i:ll), where 0,(,?;11) =d"?o.
The proof of this relies on the fact that the scaled vector norms d‘n; are all smaller than
or equal to 05,7121) and that when appending rows DX[i: n—2,:] to DX[n—1:n,:] to
form DXTJi : n,:], the squared singular values all grow, but not more than the squared
Frobenius norm of the added rows:
02 DX[n—1:n,:] <02, DX[i:n,:] <|DX[i:n—2]||%+02,,DX[n—1:n,:].
As a result we can hope again (as in Lemma 5.2) that computing the invariant sub-
space for this scaled matrix will go well and that transforming it back by inverting
the scaling again will yield an invariant subspace for which the residual satisfies the
desired bound
| diag(vyi, va, ..., vn) *U||F < e

Guaranteeing such a result is now much harder, even under mild conditions. Therefore
we will illustrate this scaling technique in the numerical section.

7. Numerical examples. In this section we illustrate our new perfect shift
QR step implementation using the preliminary computation of an eigenvector or
eigenspace of the eigenvalue(s) that need to be deflated. All computations were
done in MATLAB (version 2014b) in double precision with a machine epsilon of
€n =~ 2.22e-16. In all the examples, we used the normalized eigenvector x or the nor-
malized eigenspace basis X to construct the Givens rotations. As a consequence, the
deflation of the eigenvalues is ensured. What is not automatically guaranteed is that
the transformed matrix H is again Hessenberg, and this is verified by looking at the rel-

ative norm %%W To this end we define the functions r(H, u,x) = (H —pl)x
and b(H) = ||[tril(H, —2)||F, i.e., the residual and the Frobenius norm of the part of
the matrix H below the first subdiagonal.

We first show an example from a test case described in [6, Appendix B] arising in
a problem of surface subdivision. The aim in this problem is to compute the Jordan

chains at the eigenvalue A\g = 0 of a given matrix A.

Example 7.1. Let A € R'¥>18 be the second of the two matrices considered in
[6, Appendix B]. The 2-norm of A is about 2, and its two smallest singular values,
computed by MATLAB, are 017 = 9.16 x 107! and o015 = 2.57 x 10716, while
the smallest eigenvalue \1g computed by eig of MATLAB has modulus equal to
3.3473 x 107°. This is to be expected since the condition number of that eigenvalue
is k(\1g) = 1.8088 x 10'1. Let H be the similar Hessenberg matrix computed via
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TABLE 7.1
Results obtained by applying to H the eigenvector method and the balanced eigenvector method.

lle(H,%,%)|2 b(H) |ho1 |l (H, X, %)||2 b(H) |
3.53356-15_ 1.3450e-04 _ 5.6362c-16 _ 4.707he-16 __ 1.2739¢-16__ 4.6847c-16

orthogonal transformation [5, pp. 378-379]. Let X € R!8 be a normalized vector
obtained by applylng one step of inverse iteration with zero shift to H with a random
initial guess, A = X! Hx, and let H, )\ % be, respectively, the matrix and the estimated
eigenvalue and eigenvector obtained by applying the balancing eigenvector method.

The results are displayed in Table 7.1.

For this example, the value of d, the coefficient computed to construct D as in
(5.1), is 16. Notice that the matrix computed by the eigenvector method is far from a
Hessenberg matrix, while the part below the first subdiagonal of the matrix computed
by the balanced eigenvector method is negligible and the entries (1,1) and (2,1) are
of the order of the machine precision.

For the second example, we refer back to Example 2.2, and more precisely to the
use of balancing in this example. It can be seen from this example that the eigenvector
method (Eigv) did perform quite well, but that when applying balancing (Eigv_B) we
managed to reduce the errors by an additional 9 to 10 digits!

We now give a set of examples with both real and complex conjugate eigenvalues.

Example 7.2. In this example, unsymmetric matrices from the University of
Florida Sparse Matrix Collection [2] of order between 50 and 150 are considered. In
particular, each considered matrix is first transformed into Hessenberg form H. Then
its real Schur form is computed by the proposed procedure, H = U, EREUE, starting
from the eigenvalue decomposition computed by eig of MATLAB. The results are
reported in Table 7.2. The name of the matrix, its dimension, and its Frobenius norm
are displayed in columns 1, 2, and 3, respectively, while columns 4 and 5 show the
norm of the part of the matrix below the first subdiagonal and the relative error of
the Schur form computed by the proposed method.

We point out that only for the matrix gent113 have we used the balancing eigen-
vector method, and d was chosen equal to 1.4, in order to avoid cancellation errors.

In the third example, we consider test matrices H from [7] and included in MAT-
LAB, whose eigenvalues are explicitly known.

Ezxample 7.3. In this example, we consider two matrices whose eigenvalues are
explicitly known. In paurticulaur7 the clement matrix of order n has eigenvalues \; =
—n+1i, i =1,3,5,. — 3,2n — 1, while the chow(1,0) matrix has p = Ln/2J
eigenvalues equal to zero, and the rest of the eigenvalues are equal to 4 cos( ) k=
1,2,....n—p—1,n—p.

The eigenvector method, and the balancing eigenvector method when needed, was
applied to each matrix, for each eigenvalue A;, ¢ = 1,...,n, obtaining the matrices
H;.

The results are reported in Table 7.3. The size and the average of the relative
norm of the part below the first subdiagonal of H; are displayed in columns 2 and
3, respectively. The average of the entries in position (2,1) and differences of the
entries in position (1,1) of the computed matrices and the eigenvalues, are reported
in columns 4 and 5, respectively. Finally, the average of the differences between the
eigenvalues and the eigenvalues computed by using the function eig of MATLAB are
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TABLE 7.2
Real Schur form computation with Schur of MATLAB and with the proposed procedure.

Matrix n  |H|r b(Rp) AHUeoteRele
ww_36_pmec_36 | 66 4.0892e+03 2.1775e-16  1.0458e-15
West0067 67 1.3122e+01 5.1330e-16  1.4205e-15
lesmis 77 1.0923e+02 1.4534e-16  1.7730e-15
steam3 80 1.0633e+00 2.0434e-16  1.3713e-15
cat_ears 2.1 | 85 1.5937e+01 5.1767e-16  1.6393e-15
d_dyn 87 1.2456e+02 4.6675e-16  1.3426e-15
dwt_87 87 2.3259e+01 1.4021e-16 1.1961e-15
cage6 93 6.2516e+00 3.6287e-16  1.7929e-15
tub100 100 1.1856e+04 6.2818e-16  2.1834e-15
0lm100 100 4.1167e+03 1.1197e-16 1.5951e-15
rotori 100 9.1659e+04 3.1043e-15  1.9861e-15
pivtol 102 1.4867e+00 1.1929e-16  2.7175e-15
ck104 104 1.1068e+01 3.1347e-16  1.9016e-15
gent113 113 2.5593e+01 3.6680e-15 1.2587e-15
gre_115 115 7.2468e+00 4.9680e-16  1.9885e-15
rajatil 135 2.3711e+01 1.4639e-16 1.9667e-15
rwl36 136 7.2356e+00 5.2296e-16 2.2214e-15
impcol_c 137 1.4521e+02 3.3655e-16  1.9118e-15
lop163 163 8.7365e+00 5.3851e-16 2.5749e-15
rajati4 180 1.0789e+00 9.7592e-17 2.4943e-16

TABLE 7.3

Results obtained by applying one step of deflation to matrices from the "MATLAB gallery.”

: SPb(H) SR lhen]  Sio|hii—d n Moy
Matrix n nllH]2 nl|H2 nl[H]2 nl[H]2
clement 100 2.7363e-16 1.5060e-18 3.3710e-16 4.2813e-06
chow(1,0) | 100 7.0223e-18 1.7738¢-17  6.8588e-17 4.5622¢-03

displayed in column 6. We observe that eig computes the small eigenvalues in an
inaccurate way. In particular, the eigenvalues corresponding to the zero eigenvalues
of chow(1,0) are all complex.

Remark 7.1. In all of the examples, the final results obtained by our new method
were computed with a satisfactory error. Moreover, the balancing techniques were
almost never needed. One drawback is of course that we need to have a good starting
value for the “perfect shift.” We can also expect difficulties when the approximate
eigenvector has small elements in the last two entries, x,,_1 and x,, while the previous
entry, x,_s, is very large. The scaling technique will then produce a very large value
d, which may cause underflows in the computations.

8. Conclusions. In this paper we revisited the problem of performing a QR step
with a so-called perfect shift, which is the eigenvalue Ay that we want to deflate. We
gave a new procedure that is based on the preliminary computation of the eigenvector
x corresponding to that shift, but with the requirement that it be computed to a
certain relative precision. This condition involves the residual r = (H — AoI)x and
the norms of the trailing subvectors of x. We also gave a scaling technique that yields,
under some mild assumptions, an eigenvalue/eigenvector pair (Ag,x) with a relative
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precision that meets this perfect shift condition. We also showed how to extend these
ideas to a real double shift corresponding to a pair of complex conjugate eigenvalues.
For this case it is less obvious how to perform a scaling that will allow us to get an
eigenspace X with an appropriate residual that achieves a relatively small backward
error. The numerical experiments indicate that the perfect shift technique works very
well.

We did not cover in this paper the corresponding problem of computing a per-
fect QZ step of a (regular) generalized eigenvalue problem A — AB in an unreduced
Hessenberg—Schur form, but we conjecture that results along the same lines should
be possible, provided one computes the eigenvector corresponding to that shift, with
a suitable precision. But this is left for future research.

Appendix A.

Proof of Theorem 3.1. We first recall the analysis of the QR decomposition
given in [8, Theorem 18.9]. We modified it here to apply it to an RQ decomposition
of an n x n Hessenberg matrix, rather than a QR decomposition of a dense m x n
matrix.

LEMMA A.1. Consider the sequence of transformations Hyy1 = HyGL_, fork =
1...,n—1, where H = H € R"*" and where each Givens rotation G; is computed
to annihilate the (i + 1,i) element of an unreduced Hessenberg matriz H. Then the
computed (triangular) matriz H, satisfies

(A1) H,=(H+AnQT, Q=GGy--Gp,

where each G; is the exactly orthogonal Givens rotation that annihilates exactly the
position (i + 1,4) in the current matriz of the computed sequence Hy, ..., H,, where
Ay satisfies the normwise bound

cnu
(A.2) [1AullF < YeullHll Py Yen =

1—cnu’
and where ¢ is a moderate number of order 1.

If we apply this to H; = H — A\ol,, and multiply (A.1) with @, we obtain
Hﬁ)‘OIn+AH :RQ7 HAH”F S'Y('n”H*)\OIn”Fa

where R is the computed upper triangular matrix. Since (H — Mol,) and (RQ) are
Hessenberg, it then follows that Ay is Hessenberg as well.

Let us now consider the second part of the (backward) explicit QR step, which
consists of the multiplication QR. There also we can apply the results of Lemma A.1
since we just multiply a matrix with a sequence of (n — 1) Givens rotations. We do
not use these Givens transformations to assign a zero, but the bounds still apply. The
starting matrix is now R and one computes QR Thus, in inexact arithmetic this
yields Q(E + AR), which is equal to H — X\oI,, since by shifting this product back by
Aol,, one gets H. We thus have

H— oI, = Q(R+ AR).
If we now define Ay := —QAR, we finally have
H— oI, + Az = QR,

which implies that Az must also be Hessenberg. 0
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Proof of Remark 3.1. For the implicit QR step we note that the Givens
rotations are always performed either on the rows or on the columns of a matrix
Hy := Q/HQYT that is related to the original Hessenberg matrix H via orthogonal
left and right transformations @, and Q... Each Givens rotation results in an additive
error that is bounded by ~.||Hyr|lF = 7el[H||F that can be mapped to the original
matrix H without changing its norm since ¢ and @, are orthogonal. The results
then easily follow. 0

Proof of Theorem 6.2. For the double implicit QR step the proof is completely
analogous to that of the single implicit QR step. The only difference is that the
number of Givens rotations is essentially doubled, and so is the bound on the backward
error.

LEMMA A.2. Let h,v € R? be two vectors that are nearly orthogonal, i.e.,
h'v =1, [n < max(||hllz, [|v]|2)-

Then the smallest perturbation dh measured in the 2-norm to make them orthogonal
is given by
sh=—nv/|[v[3

and has 2-norm |n|/||v||2. Moreover, if n < é||v||2 and we construct a Givens trans-
formation G such that

v
(A3) 6v=| I | = Ivlier
it also follows that the first element of the transformed vector Gh is é-small and can
be neglected if this is below the tolerance level.

Proof. Let v1' = [v1,v3]. Then the construction of the Givens rotation in (A.3)
just uses d = \/vi +v3,¢ = vi/d,s = —vg/d. Moreover, the first element of Gh is
e/Gh = [ ¢ —s |h = n/|v|]2 and that is precisely supposed to be é-small. The
stability of the Givens rotation implementation then guarantees that in inexact arith-
metic, this is also negligible with respect to ||h]|2. |

LEMMA A.3. Let

hy T1 Y1
h:=1| hy | €eR® and V:i=| 2o 1y | € R3*?
hs 0 w3

be nearly orthogonal, i.e.,
bV == [p,ma,  ||nlle < max(|[hl|2, [V ]2)-

Then the smallest perturbation dh measured in the 2-norm to make them orthogonal
is given by

sh= -Vt vt.=wlv)-lyT
and has 2-norm smaller than ||n||2||V |2, where VT is the pseudoinverse of V. More-

over, if |nllz2 < €/|IVTl2 and we construct two Givens transformations ng) and Géy)
such that

2>
—
<
=

(A.4) WGy =

o O
<
)
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it also follows that the first two elements of the transformed vector h:= Géy)ng)h
are € small and can be neglected if this is below the tolerance level.

Proof. The subvectors [Zﬂ and [ 1] are obviously nearly orthogonal, and we can

apply the previous lemma to show that the first element of the transformed vector h
is € small. After that, we repeat the same argument on the (transformed) subvectors
[Zi] and [Zg ] Again we rely on the stability of Givens rotation implementations to
guarantee that in inexact arithmetic, these elements also are negligible with respect
to ||hlls. |
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