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Abstract

The paper discusses the following topics: attractions of the real tridiagonal case, rela-
tive eigenvalue condition number for matrices in factored form, dqds, triple dqds, error
analysis, new criteria for splitting and deflation, eigenvectors of the balanced form,
twisted factorizations and generalized Rayleigh quotient iteration. We present our fast
real arithmetic algorithm and compare it with alternative published approaches.

Mathematics Subject Classification 65F15

1 Introduction

The dqds algorithm was introduced in [9] as a fast and extremely accurate way to
compute all the singular values of a bidiagonal matrix B. This algorithm implicitly
performs the Cholesky LR iteration on the tridiagonal matrix B” B and it is used in
LAPACK. However the dqds algorithm can also be regarded as executing, implicitly,
the LR algorithm applied to any tridiagonal matrix with 1’s on the superdiagonal.
Our interest here is in real unsymmetric matrices which may, of course, have some
complex eigenvalues. In contrast to the QR algorithm, the LR algorithm preserves
tridiagonal form and this feature makes dqds attractive. It is natural to try to retain real
arithmetic and yet permit complex conjugate pairs of shifts. Our analogue of the double
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shift QR algorithm of Francis [14] is the triple step dqds algorithm. We explain why
three steps are needed. However the main goal of this paper is to derive our implicit
implementation (3dqds) of this 3-steps process which relies on the implicit L analogue
of the implicit Q theorem. See Sect. 3.4.1 and Theorem 3.1.

In order to focus on our 3dqds algorithm we assume an extensive background for
our reader. The unsymmetric eigenvalue problem can be almost ill-posed and such
cases are not easily apparent. A tridiagonal matrix requires so little storage that it
seems feasible to compute approximate eigenvalues together with an indication of the
number of digits that are robust in the presence of computer arithmetic. We decided to
provide relative condition numbers (for factored forms) for each computed eigenvalue
even when the user does not request it. The extra cost, in storage and arithmetic
operations is surprisingly low, 2n storage and O(n) computing. See Sect. 7.2 for
details. We omit any history of the contributions to the field, even the seminal work
of H. Rutishauser who invented the qd algorithm and the LR algorithm [26-28]. We
must however mention that he also discovered the so-called differential form of qd but
did not appreciate its accuracy and never published it. That understanding came much
later in the computation of singular values of bidiagonal matrices. See [9]. We do
describe the double LR algorithm for complex conjugate shifts because of its relation
to our triple dqds algorithm. We say nothing about the need for an eigensolver devoted
to tridiagonal matrices because that issue is covered admirably by Bini et al. [1]. We
do give pseudocode for a complete program but hope it will not produce distractions
from our main concern, the 3dqds algorithm. We provide error analyses for both dqds
and 3dqds.

A novel feature of our approach is the usefulness of keeping matrices in factored
form. We also acknowledge the preliminary work on this problem by Wu [36].

We do not follow Householder conventions except that we reserve capital Roman
letters for matrices. Section 2 describes other relevant methods, Sect. 3 presents stan-
dard, but needed, material on LR, dqds, single and double shifts and the implicit L
theorem. Section 4 develops our 3dqds algorithm, Sect. 5 is our error analysis, Sect. 6
our splitting, deflation and shift strategy.

Section 7 analyzes applications of factored forms - the computation of eigenvectors
using twisted factorizations of the balanced form, relative condition numbers and the
generalized Rayleigh quotient iteration. Finally, Sect. 8 presents our numerical tests
using MATLAB and Sect. 9 gives our conclusions.

2 Other methods relevant to 3dqds
2.1 2 steps of LR = 1 step of QR

For a symmetric positive definite tridiagonal matrix 2 steps of the LR (Cholesky)
algorithm produces the same matrix as 1 step of the QR algorithm. Less well known
is the article by Xu [37] which extends this result when the symmetric matrix is not
positive definite. The catch here is that the LR transform, if it exists, does not pre-
serve symmetry. The remedy is to regard similarities by diagonal matrices as “trivial”,
always available, operations. Indeed, diagonal similarities cannot introduce zeros into
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a matrix. So, when successful, 2 steps of LR are diagonally similar to one step of QR.
Even less well known is a short paper by Slemons [31] showing that for a tridiagonal
matrix, not necessarily symmetric, 2 steps of of LR are diagonally equivalent to 1 step
of HR, see [2]. Note that when symmetry disappears then QR is out of the running
because it does not preserve the tridiagonal property.

The point of listing these results is to emphasize that 2 steps of LR gives twice as
many shift opportunities as 1 step of QR or HR. Thus convergence can be more rapid
with LR (or dqds) than with QR or HR. This is one of the reasons that dqds is faster
than QR for computing singular values of bidiagonals. This extra speed is an additional
bonus to the fundamental advantage that dqds delivers high relative accuracy in all the
singular values. The one drawback to dqds, for bidiagonals, is that the singular values
must be computed in monotone increasing order; QR allows the singular values to be
found in any order.

In our case, failure is always possible and so there is no constraint on the order in
which eigenvalues are found. The feature of having more opportunities to shift leads
us to favor dgqds over QR and HR. See the list of other methods which follows. We take
up the methods in historical order and consider only those that preserve tridiagonal
form.

2.2 Cullum’s complex QR algorithm

As part of a program that used the Lanczos algorithm to reduce a given matrix to
tridiagonal form in [4], Jane Cullum used the fact that an unsymmetric tridiagonal
matrix may always be balanced by a diagonal similarity transformation [18]. She
then observed that another diagonal similarity with 1 or i produces a symmetric, but
complex, tridiagonal matrix to which the (complex) tridiagonal QR algorithm may be
applied. The process is not backward stable because the relation

2r =1

cos® 7 + sin
is not a constraint on | cos t| and | sin | when 7 is complex. Despite the possibility
of breakdown the method proved satisfactory in practice. We have not used it in our
comparisons because we are persuaded by 2.1 that it is outperformed by the complex
dqds algorithm, described below.

2.3 Liu’s HR algorithm

In [16], Liu found a variation on the HR algorithm of Angelika Bunse—Gerstner that,
in exact arithmetic, is guaranteed not to breakdown—but the price is a temporary
increase in bandwith. This procedure has only been implemented in MAPLE and we
do not include it in our comparison.

2.4 Complex dqds

In his thesis Day [5] developed a Lanczos-style algorithm to reduce a general matrix
to tridiagonal form and, as with Jane Cullum, needed a suitable algorithm to compute
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its eigenvalues. He knew of the effectiveness of dqds in the symmetric positive definite
case and realized that dgds extends formally to any tridiagonal that admits triangular
factorization. The code uses complex arithmetic because of the possible presence of
complex conjugate pairs of eigenvalues.

We compare our real 3dqds algorithm with its explicit version—the three steps of
dqds are computed explicitly in complex arithmetic—in a more sophisticated version
of David Day’s complex dqds code.

2.5 Ehrlich-Aberth algorithm

This very careful and accurate procedure was presented by Bini et al. [1]. It finds the
zeros of the characteristic polynomial p(-) and exploits the tridiagonal form to evaluate
p'(z)/p(z) for any z. The polynomial solver improves a full set of approximate zeros
at each step. Initial approximations are found using a divide-and-conquer procedure
that delivers the eigenvalues of the top and bottom halves of the matrix 7'. The quantity
P’ (2)/p(z) is evaluated indirectly as [trace(zl — T)_l] using a QR factorization of
zI —T.Since T is not altered there is no deflation to assist efficiency. Very careful tests
exhibit the method’s accuracy - but it is very slow compared to dgds-type algorithms.

3 LR and dqds

The reader is expected to have had some exposure to the QR and/or LR algorithms so
we will be brief.

3.1 LU factorization
Any n x n matrix A permits unique triangular factorization A = LDU where L is unit
lower triangular, D is diagonal, U is unit upper triangular, if and only if the leading
principal submatrices of orders 1, ..., n — 1 are nonsingular. ~

In this paper we follow common practice and write U = DU so that the “pivots”

(entries of D) lie on U’s diagonal. Throughout this paper any matrix L is unit lower
triangular while U is simply upper triangular.

3.2 LR transform with shift

Note that U is “right” triangular and L is “left” triangular and this explains the standard
name LR. For any shift o let

A—ocl=LU, 3.1
A=UL+ol. (3.2)

Then A is the LR (o) transform of A. Note that
A=L"A—ol)L+0ol=L"AL.
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We say that the shift is restored (in contrast to dgds—see below). The LR algorithm
consists of repeated LR transforms with shifts chosen to enhance convergence to upper
triangular form. For the theory see [28,29,33,34].

In contrast to the well known QR algorithm, the LR algorithm can breakdown and
can suffer from element growth, |[L|| >> ||A|l, |U| >> ||A|l. However LR preserves
the banded form of A while QR does not (except for the Hessenberg form).

When a matrix A is represented by its entries then the shift operation A — A—o[
is trivial. When a matrix is given in factored form the shift operation is not trivial.

3.3 The dqds algorithm

From now on we focus on tridiagonal matrices in J-form which means that entries
(i,i+1Darealll,i =1,...,n — 1. Any tridiagonal matrix C = tridiag(b, a, c)
that does not split (unreduced), b;c; # 0, is diagonally similar to a J-form. Entries
(i + 1,17) equal b;c;. Throughout this paper all J matrices have this form. See [11,

Section 2.2] on representations of tridiagonals.
If J — oI permits triangular factorization

J—ol =LU

then L and U must have the following form

L= , U= . 3.3)
li—1 1 Up
It is an attractive feature of LR that
UL=17

is also of J-form. Thus the parameters /;,i = 1,...,n —lL,andu;, j = 1,...,n,
determine the matrices L and U above and implicitly define two tridiagonal matrices
LU and UL.
The qds algorithm is equivalent to the LR algorithm but only the factors L, U are
formed, not the J matrices. The progressive transformation is from L, U to L, U,
LU =UL-ol. (3.4)
Notice that the shift is not restored and so UL is not similar to U L,

UL=1L"'UwL)L -ol. (3.5)
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Equating entries in each side of equation (3.4) gives

qds(o) :uy =u; +1; —o;
forz’/\: 1,...,n—1
li = L1 /u; R
Uig1 = Uip1 +lip1 —o — 1
end for.

The algorithm qds fails when z; = 0 for some i < n. When o = 0 we write simply
qd, not qds.

In 1994 a better way was found to implement gds(o ). These are called differential
qd algorithms. See [21] for more history. This form uses an extra variable d but never
forms matrix products.

dqds(o) :dy =u; — o
fori=1,...,n—1
Ui =di +1;
li =i (uiq1/u;)
diy1 =di(ujp1/u;) — o

end for
Uy, =d,.

By definition, dgd=dqds(0). In practice we choose to compute, and store, u; and 1
separately from u; and /;. This allows us to reject a transform, choose a new shift, and
proceed smoothly to another step. Only when the transform is accepted will we write
#; and I; over u; and [;.

A word on terminology. In Rutishauser’s original work ¢; = u;, ¢, = [;; and
the g;’s were certain quotients and the ¢;’s were called modified differences. In fact
the gd algorithm led to the LR algorithm, not vice-versa. The reader can find more
information concerning dqds in [21,23]

One virtue of the dqds and QR transforms is that they work on the whole matrix so
that large eigenvalues are converging near the top, albeit slowly, while the small ones
are being picked off at the bottom.

We summarize some advantages and disadvantages of the factored form.

3.3.1 Advantages of the factored form

1. L, U determines the entries of J to greater than working-precision accuracy
because the addition and multiplication of I’s and u’s is implicit. Thus, for instance,
the (i, i) entry of J is given by /;_1 + u; implicitly but fI(l;_1 + u;) explicitly.

2. Singularity of J is detectable by inspection when L and U are given, but only by
calculation from J. So, LU reveals singularity, J does not.

3. LU defines the eigenvalues better than J does (usually). There is more on this in
[7].

4. Solution of Jx = b takes half the time when L and U are available.

@ Springer



A real triple dqds algorithm for the nonsymmetric... 379

3.3.2 Disadvantages of the factored form

The mapping J, o +— L, U is not everywhere defined for all pairs J, o and can suffer
from element growth. This defect is not as serious as it was when the new transforms
were written over the old ones. For tridiagonals we can afford to double the storage
and map L, U into different arrays L, U. Then we can decide whether or not to accept
L,U and only then would L and U be overwritten. So the difficulty of excessive
element growth has been changed from disaster to the non-trivial but less intimidating
one of, after rejecting a transform, choosing a new shift that will not spoil convergence
and will not cause another rejection.

Now we turn to our main question of dqds(o): how can complex shifts be used
without having to use complex arithmetic? This question has a beautiful answer for
QR and LR iterations.

3.4 Implicit shifted LR for J matrices
3.4.1 Double shift LR algorithm

We use the J, L and U notation from the previous section. Consider two steps of the
LR algorithm with shifts o7 and o2,

Ji— o1l =LU;
J =UL| +o01
h—ol =L,
J3s =UsLr +03l. 3.6)

Then, with matrices £ = L{L, and U4 = U,U,, we have
h=L7'0C (3.7)
and the triangular factorization

LU=L(J, —or U = L1(UiLi +011 —or])U;
= LU [L1Uy + 01l — o2l = (J1 —o1])(J1 — 02])
=J2 — (o1 + o)y + 01001 =: M. (3.8)

An important observation from (3.8) is that column 1 of M is proportional to column
lof C,

Mey = LUe| = Lejuyy, uip =mij.

According to the following theorem, matrix £ is determined by its first column and
we can compute J3 from J; without using J5.
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Theorem 3.1 [IMPLICIT L THEOREM] If H| and H; are unreduced upper Hessenberg
matrices and Hy = L™YH| L, where L is unit lower triangular, then H, and L are
completely determined by Hy and column I of L.

We omit the proof and refer to [11, pp. 66—68].
So the application to J; and J3, using (3.7), is to choose column 1 of £ (which has
only three nonzero entries since Jj is tridiagonal and J 12 is pentadiagonal) to be

Ly=1 +m1e1T (3.9)
where m; = [0 may/miy m3y/myp O ... O]T and perform a first explicit similarity
transform on Ji,

LML =K.

Observe that K is not tridiagonal. In the 6 x 6 case

+ + = =
= = o=
R

(3.10)

= = o=
== =

1
X
Next we apply a sequence of elementary similarity transformations such that each
transformation pushes the 2 x 1 bulge one row down and one column to the right.

Finally the bulge is chased off the bottom to restore the J-form. In exact arithmetic,
the implicit L theorem ensures that this technique of bulge chasing gives

J3 = (El...ﬁn_l)_lfl(l:l...ﬁn_l) and L=Ly...L,_1.

In Sect. 4.1 below we will see the detailson £;, j =2,...,n — 1.

If matrix J; and shifts o7 and o» are real then factors L, U;, L», U, and matrices
Ja, J3 will all be real. Now suppose that J; is real and o7 is complex. Then, by (3.8),
J3 will be real if, and only if, 0o = 1. The reason is that M is real,

M = J} —2Mo)Ji + o1,

so that £ and U are real and J3 is the product of real matrices. Note however that
Jo, and factors Lj, Uz, will be complex, given that L1, U; and shifts o7, o7 are all
complex. As we have described above, it is possible to skip this complex matrix J»
and go straight from real J; to real J3. So, in the case of complex eigenvalues (which
for real matrices occur in complex conjugate pairs) we will be able to apply a complex
conjugate pair of shifts implicitly and avoid complex arithmetic. Recall that we are
seeking an algorithm that uses only real arithmetic and converges to real Schur form.
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0'2)
Lo, Uo 15 " Lo, Uz > L3, Us
dqu(al) dqdq( 09— 01) dqds(—o2)

Fig. 1 Implicit two steps of LR and three steps of dqds

3.4.2 Connection to dqds algorithm

In Fig. 1 we examine the two steps of the LR transform derived in the previous section
but with a significant difference. Instead of J; being an arbitrary matrix in J-form,
we assume that it is given to us in the form UgyLg. A different way of introducing this
factorization is saying that our initial matrix is Jy (not J1) and we always consider an
additional unshifted LR step for constructing real factored forms

Jo = LoUpandJ; = UpLy

so that dqds starts with factors Lg, Uy. The dqds algorithm can not start with J; unless
its U L factorization is available.

The crucial observation in Fig. 1 is that the implicit LR algorithm forms only the J
matrices while dqds, on the bottom line, works only on the factors L,U. So with LR
the only J matrix which is skipped by an implicit double step is J, and we go from
J1 = UpLg to J3 = L3U3. The dqds algorithm cannot stop with Ly, U, because it is
only when we take the product U, L, and add back the shift o, that we get the matrix
J3; it requires a third step to obtain L3, U3 which define J3. The triple dqds algorithm
will skip the factors Ly, Uy, L2, U and will go from Lg, Uy to L3, Uz performing
implicitly three dqds steps.

Here is another way to describe the diagonal arrows in Fig. 1 for the relation between
double shift LR and triple dqds:

double shift LR triple dqds
J1 = UyLy _ B

J1—011=L1U1} Lilr = UoLo —aul 3.11)

) =U\L|+ o] B o )

T — ol = LalUs } LUy = ULy — (02 —o1)]

J3 =UsLs + 021 L3Uz = UsLy — (—02)1
So the similarity (3.7) corresponds to

LiUs = L~ (UyLo) L (3.12)

and, in contrast to a single dqds step, a triple dqds step (implicit) restores the shifts.

Observe that in the triple dqds step (3.11) we find factors L3, U3 such that J3 =
L3U3 and these factors (different factors) would only occur in LR in the following
step with a new shift o3,
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Js — o3l = LyUs L3Us = UzLy — (03 —02)1

Js =UszL3z +o03l.

J3=UsLy+ ol }
(3.13)

So to make explicit dqds equivalent to LR with shifts o; and o, it is necessary to use
the differences (041 — 0;) with dgds. In other words, successive shifts o; and o;41 in
LR lead to the dqds step

Liv1Uiv1 = U;L; — (0i41 — o).
3.4.3 Single shift LR and double dqds

Analogously to a double shift, a single shift LR step is equivalent to two steps of dqds
when we consider the implicit implementation of these shifted algorithms.

single shift LR double dqds
Ji = U()L() . _
J1—011=L1U1} LiU1=UoLo — ol (3.14)

Jo=UiLi+o01l LU =ULi— (—op]
Similar to (3.7) and (3.12),
Lh=L'"HL and LyUs = L7 (UpLo)L (3.15)
with £ = L. Here matrix M is tridiagonal,
LU=LU=J—01=M

and matrix K corresponding to (3.10) has only one bulge in entry (3, 1) (instead of a
2 x 1 bulge).

Recall from Sect. 3.4.1 that the implicit double LR algorithm uses the technique of
bulge chasing. This technique is also applied for implicit single shifts.

The next section develops a form of bulge chasing for the triple dqds algorithm
(3dqds). We did not develop this technique for the double dqds algorithm (2dqds)
because in our shift strategy we will always use double shifts (only initially we use
single dgqds with zero shifts). See Sect. 6.3 for details on the shift strategy in our
complete algorithm.

4 Triple dqds algorithm

We use the term 3dqds as a shorthand for our triple dqds algorithm which, using bulge
chasing, implements implicitly the three dqds steps (3.11) equivalent to an implicit
double shift LR step. Although the 3dqds algorithm has been primarily developed to
avoid complex arithmetic in the case of consecutive complex shifts o7 and o7 = 71
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in the presence of complex eigenvalues, it can be applied to the case of two real shifts
o1 and o3. To cover both cases, all we need is the sum and the product of the pair of
shifts, sum = o7 + 03 and prod = o107, to form matrix M in (3.8),

M = (UyLg)* — sum(UyLo) + prod1. 4.1

Using (3.12) the idea is to transform Uy into L3 and L into U3 by bulge chasing
in each matrix,

LUz = ﬁ_on LoL.

Notice that we need to transform an upper bidiagonal into a lower bidiagonal and
vice-versa. From the uniqueness of the LU factorization, when it exists, it follows,
see [20], that there is a unique hidden matrix X such that

Ly=L7'UyX™ ", XLoL = Us.
The matrix £ is given, from Sect. 3.4.1, as a product
L=Ly...L,_1L,

(L, = I) and we will gradually construct the matrix X in corresponding factored form
X, -+ X2X1. In fact we will write each X; as a product

X, =Y Z.
Matrices £; and Y; are elementary matrices, £; = [ + mieiT and Y, = I + wieiT,

but Z; is not. The details are quite complicated and will be shown in the following
sections.

4.1 Chasing the bulges

Starting with the factors Lg, Up and the shifts o1, 02, we normalize column 1 of M in
(4.1) to form Ly, spoil the bidiagonal form with

KI_IUO Lol
——

and at each minor stepi,i = 1, ..., n, matrices Z;, L; and Y; are chosen to chase the
bulges. After n minor steps, we obtain L3 and U3,

LUy =L - L7 oz 'y 2 Y Y Zy - N Zi Lo Ly - - £y

=L LT U X X X X LoLy - Ly

=L 'UpX ' XLoL
———— —
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All the work of bulge chasing will be confined to two matrices F and G. Initially,

F = U, G=1Ly

and, finally,
F =1Ls, G =Us.

For a pair of shifts o1 and o5 (real or a complex conjugate pair), the triple dqds
algorithm has the following matrix formulation:

3dqds(oy, 02) :

% step 1

F=Uy G=1Lg

F=FZ;', G=27,G

F = £1_1F; G =GL [form £ using (3.9) and (4.1)]
F=Fy ', 6=1G

% steps2ton-3
fori =2,....n-3

F=FZ " G=27G

F=L'F; G=0GL

F=FY7"', G=YG [Z; with one, £; with two and ¥; with three
end for nonzero off-diagonal entries]
% step n-2

F=FZ' G=2,,G
F=L'"\F; G=GL,»

F=F Ynilz; G=Y,,G [Y,,—2 with two nonzero off-diagonal entries]

% step n-1
F=FZ ' G=2,_,G

n—1°

F=L'"\F; G=GL,

F = FYn_—ll; G=Y,.1G [Y,—1 and £,,_; with one nonzero off-diagonal entry]
% step n

Lo=1; Y, =1

F=FZ', 6 =2, [Z, diagonal]

Lz=F; U3=G
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4.2 Details of 3dqds

In this section we will go into important details of the 3dqds algorithm. Consider

Lo with subdiagonal entries /1, ...,[,—1 and Uy with diagonal entries uq, ..., u,,
as defined in Sect. 3.3, and consider matrices L3 and Uz with subdiagonal entries
1i,....1,_; and diagonal entries U1, .. ., Uy, respectively.

For each iteration of 3dqds, at the beginning of a minor step i, i =2,...,n — 3,

the active 4 x 4 windows of F and G are

i1 u; 1 Xr
F = , G= . 4.2
Xy Ujt1 1 yr 1 (4.2)
Zr li+1 1
pi Uj2

We denote the entries F; 1 ;-1 and Fj;2 ;1 by [xl yl]T, the 2 x 1 bulge in F, and the
entries G; ;, Gi4+1,; and G4 ; by [x, Vr zr]T. The bulge in G is [yr zr]T. In practice,
as the bulges both change value and position, these 5 auxiliary variables are enough to
accomplish all the calculations. The subscripts / and r in x, y and z derive from “left”
and “right”, respectively, and observe that these variables are not from matrices X, Y
and Z described in Sect. 4.1.

Each minor stepi,i = 2,...,n — 3, consists of the following 3 parts. The values
in x7, yi, Xr, Yr, Zr change and they move one column right and one row down.

Minor stepi

(a) F «— FZl._1 puts O into F; ;41 and 1 into F; ; G <— Z;G turns G, ;4 into 1
and changes G, ;

1
—1 _ — — _ uj 1
Zi = P Zi= 0 1 :
1 1

1 w1

Fz- = i 10 26 v 1
X1 Uitl 1 v 1

zr g1 1

] ujyo

Xp <— Xp kUi + Yr
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(b) F «— Ei_lF puts O into F; 41 ;—1 and F;42;—1, and moves the bulge to column
i G «— GL; creates u; in G;; and changes Giy1.i, Gi12,; and G;43; below it

X] <— —X /T ! !
1 _lf—l’ -l X1 L= —x 1
i <— —w/li-1 w1 —y 1
ui—p 1
'Tl 10 1
L7'F = il GL; = X1
0 xjuiyr 1 vl 1
r b
0 y Uigy * Zr li2 1

Uj <— xp — x|

Xy <— Y —X]

Yr <— Zr — Y — X * liq
Zp <— =Y *lit2

(¢) G <— Y;G puts 0 into Gi+1,’i\, Gi4+2,; and G;43;, and moves the bulge to column
i+1F «— FY;I creates /; in F; 1 ; and changes F;;»; and F;13; (bulge in

F) below it
Xp <— X /U : !
DI % 1 —x 1
Ve — /i, Y= " . Y= 7 |
7 <— Zr/ﬁi Yr Yr
" r —Zr 1
) iy 1
i1 10 u; 1
FYi_l = 0 i uiyg 1 Y,G = 0 x,
0 x uiva 1 0y 1
. 0z, liyn 1
yi Uiyz -
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li <— X1+ yr +Xp % Ui Xp <— 1—x
X| <— Y+ 2+ yrkuigo Yr <—liv1 =y
Vi <— Zr *Uj43 Ir < —%r

The result of this minor step is that the active windows of F and G shown in (4.2)
have been moved down and to the right by one place.

Naturally steps 1,n — 2, n — 1, n are slightly different and their practical imple-
mentation may be found in [11, pp.147-157].

4.3 Comparison of dqds and 3dqds

In this section we present a detailed version of the inner loop of 3dqds and compare
one step of 3dqds with three steps of simple dgds in terms of arithmetic effort.
Here is the inner loop of 3dqds. See “AppendixA” for the whole 3dqds algorithm.
3dqds(o1, 02) :
fori=2,....n—3
Xy = Xp * ui + yr .
x=—xfli-i; yi=-n/li-i;
Uj = Xy — X[
Xp =Yr =X Yr=Zr — Yl — X1 ¥lit1; Zr = =y *liyo
X =xp[Ui; yr = yr/Uis T =2 /Ui
li = x1+ yr + xr % Uiy
XL =Y+ 2r +YrkUig2; Y= Zr *Ui43
Xp=1—=x yr= li—H —Vrs Zr = —Zr
end for

In contrast,

dqds(o) :

d1 =Uuy—0o

fori=1,...,n—1
 =di +1;
t=uiy1/Ui
di+l =dit — o
EZI,’Z

end for

Uy =dy. (4.3)

In practice, each d;4+1 may be written over its predecessor in a single variable d
and, using and auxiliary variable ¢, only one division is needed.

Table 1 below shows that the number of floating point operations required by one
step of 3dqds is comparable to three steps of dqds (table expresses only the number
of floating point operations in the inner loops).
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Table 1 Operation count of

3dqds and 3 dqds steps Jdgds 3 dqds steps
Divisions 5 3
Multiplications 6 6
Additions 5 3
Subtractions 6 3
Assignments 16 12
Auxiliary variables 5 2

However to accomplish a complex conjugate pair of shifts these 3 dqds steps will
be complex in contrast to our 3dqds which uses only real arithmetic. Thus 3 steps of
complex dqds take more time than one step of 3dgds(complex arithmetic raises the
cost by a factor of about 4 [6, p.163]).

5 Error analysis

We turn to the effect of finite precision arithmetic on our algorithms. First consider
the dqds algorithm.

5.1 dqds

It is well known that even in exact arithmetic the dqds iteration, applied to the factors
L, U of a J matrix can break down due to a zero pivot in the new factors. The dqds
transform, just like the LR transform, is unstable. In the early days when the new
was written over the old immediately breakdown was a disaster. Today all users can
afford to store the new factors separately from the old and simply reject a transform
with unacceptable element growth, choose a new shift, and continue the iteration. A
rejection is a nuisance, not a disaster.

One of the attractions of dqds is that it has high mixed relative stability, to be
explained below. One of us proved this in [9] in the context of singular values of
bidiagonals and eigenvalues of real symmetric tridiagonals. Since this desired property
is independent of symmetry, we take this opportunity to present the result again in the
context of J matrices.

To set up notation for the proof we consider real bidiagonal factors L and U of a
real J matrix together with a real shift o and use the dqds transform to obtain output
L.U satisfying

LU=UL-ol. (5.1)

We assume no anomalies occur, i.e. no divisions by zero, no overflow/underflow.

Theorem 5.1 ([9], Theorem 4) Let dqds(o) map L, U into computed Z, U with no
anomalies. Then well chosen small relative changes in the entries of both input and
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Fig.2 Effects of roundoff for dqds ~

dqds L’ U computed L’ U
change each change each
l; by 1 ulp l:;7 u; by 2 ulps
u; by 3 ulps
~ A dqds o -
LU %% 10U
exact

LU=UL - ol

output matrices, of at most 3 ulps each, produces new matrices, one pair mapped into
the other, in exact arithmetic, by dqds(o).

Our analysis consists to write down the exact relations satisfied by the computed
quantities L, U and then to work out among them an exact dqds transform whose
input is close to L, U and output is close to L,U.The diagram in Fig. 2 is an excellent
summary.

The model of arithmetic we assume is that the floating point result of a basic
arithmetic operation © (one of the four binary operations +, —, * and /) satisfies

flxoy) =00y +e)=x0y)/(0+n) (5.2)
where ¢ and 7 depend on x, y, and the operation ©, and satisfy
lel <€, |n| <e. (5.3)

The quantity € is called variously roundoff unit, machine precision or macheps. We
will choose freely the form (& or n) that suits the analysis. We will also use the acronym
ulp which stands for units in the last place held and it is the natural way to refer to
relative differences between numbers.

Our result is possible because of the simple form of the recurrence for the auxiliary
variable {d;}7_,. In exact arithmetic

dintjy1
d=uy—o, diy = -0, i=1,....,n—1.
1 1 i+1 di+li

Proof We consider the floating point implementation of dqds in (4.3). The computed
quantities L, U are governed by the following exact relations.

@i = fI +1) = @+ 1)/ + 1)
(1 d X

t= fl(uiy1/u;) = u’+l(A+8/) _ uir1(I+e)(1 +e4)
Ui di +1;

dist = fI(fid % 1) — o) = DT ED) 0

1+ 641
li= flli xt) = Lit /(1 + £44)
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The symbol ¢, represents the rounding error in the second multiplication /; * #;. All
the ¢’s obey (5.3) and depend on i but we supress this dependence on i except for the
subtraction of the shift 0. Here €; 1 accounts for the error in subtracting the real shift
o. To be consistent we must also use d; (1 + ¢;), where ¢; is defined in minor step
i —1,and (1 + €1)d; = u; — o. Here ¢ is just an auxiliary variable for the analysis.

Now we can write an exact dqds transform using [ - | to surround our chosen vari-
ables.

[@i(1+ep)A+e)]=[di(1+e)]+[Li(1+&)]

[di (1 + en)][uir1(1+e)A + &)1+ &4)] B
[di(1+e)]+ [Li(1+ )]

[0+ e ][uiv1(+e)(1 + ) +es)]
[di(1 +e)] + [Li(1+&)]

[diq1(1+eir)] =

[0+ e+ e)] =

We can read off the perturbations, defining 7\;, Uiy and 7;, i; on the way to an exact
transform:

/ll\' _>7:(1 F ) (1 + 645) =
B — Tl +e)(1 +6) =

i — Li(1+4¢) = T,‘ 7
uipt —> i1 (1 +e)(1+ep)(1+e0) = Ujqy i
The perturbatlons are as claimed in the theorem: 3 ulps for u; and 1 ulp for li, and 2
ulps each forl and u; as shown in Fig. 2. Notice that our choices of L U and L U
are not in general machine representable.

When o = 0 the (1 + &;) factors are omitted but still 3 ulps are needed for u; .

O

The remarkable feature here is that element growth does not impair the result.
However,
Theorem 5.1 does not guarantee that dqds returns accurate eigenvalues. For that,
an extra requirement is needed such as positivity of all the parameters u;, [; in the
computation, as is the case for the eigenvalues of BT B where B is upper bidiagonal.

We mention that Yao Yang considered the roundoff in dqds in his dissertation at
UC, Berkeley, in 1994 [38]. He had two results. He gave ann = 4 example to show that
even dqd (no shift in dqds) is not backward stable. He also produced an a posteriori
(computable) bound on the error in the exact product LU of the output matrices.
Unfortunatly, his dissertation has not been published but his results are stated and
proved in [21].

5.2 3dqds

Each minor step in the algorithm consists of 3 simple transformations on work matrices
F and G. All three parts arise from similarities that chase the bulges in the transfor-
mation from UgLg to L3Us. See Sect 4. Two of these transformations are elementary
transformations of the form 7 + ve , with inverse I —vel I and v has at most 3 nonzero
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entries. We examine the condition number of these 3 transforms. Consult Sect. 4.2 to
follow the details.

e The active part of Z; is

[Lz)’ {| and  cond(Z;) ~ max {|Mi|» |“i|_1} :

e The active part of L; is

1 ) 5
—Xl/z—l 1 and cond(L;) ~1+ <,\x—l> + (Ay_l>
=vi/li-1 0 1 li— li—1

e The active part of Y; is

1
—x /Ui 1 X : Yr : Zr :
_yr/# 0 1 and cond(Y;) ~ 1+ (747) + (itT) + (5) .
r/Uij i i i
_Zr/il\i O 0 1

The variables x;, y;, X, ¥, z» are formed from additions and multiplications of pre-
vious quantities. Note that u; is part of the input and so is assumed to be of acceptable
size. We see that it is tiny values of 71\-,1 and %; that lead to an ill-conditioned transform
at minor step i. In the simple dgds algorithm a small value of u; (relative to u; 1)
leads to a large value of Z and d;1. In 3dqds the effect of 3 consecutive transforms is
more complicated. The message is the same: reject any transform that has more then
modest element growth. In practice, |u;| and |’l;,1| are monitored and a transform is
rejected if either quantity is too big (bigger than 1/,/¢). The computed eigenvalues
are used as input for Rayleigh quotient correction in the original balanced matrix (see
[19D.

In order to understand the intricate arguments below we have found it essential
to absorb the contents of Sects. 4.1 and 4.2, in particular the division of the typical
inner loop of 3dqds in three parts (a), (b) and (c). The three dqds similarities have
morphed into a sequence of n — 1 similarities of F G (implicit) each of which in its
turn is composed of three transformations of F' and G by matrices Z;, L;, ¥; (with
exact inverses) at minor step, or loop, i where we concentrate our attention.

Minor step i.

Recall that at the start the bulges x;, y; are in column i — 1 of F while x,, y,, z,
are in column i of G. See (4.2). The values in these bulges change and they move one
column right and one row down. In analysis, not practice, as the bulges both change
value and position, new variables are created and denoted by augmentation of the
subscripts (See Table 2). By the end of minor step i new values are given to all the
bulge variables to be ready for the next step. The most active is x,, the entry on the
diagonal of G. The loop i updates x, four times so we find

xr’ xrly x}“za xr3, xr4
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Table 2 Input and output

variables of 3dqds algorithm Part fnput Output
(a) Xrs Yro Uj Xr
Tion i1 liga i
(b) X1, Y1 X1y Vi)
Xrys Yrs 2r Xrys Yrys Zrp
lig1, wig2, wig3, U I
(c) X1, Yl Xl Vip
Xros Yrys 2rg Xr3s Yrys Zry
Xrgs Yr3» 2r3

and the last value x,, becomes x, at the next loop i + 1. Its position changes from
G, to Gi41,i+1. This change in position occurs at operation 14 of the 16 arithmetic
operations in 3dqds.

To follow the analysis below the reader should have reference to Sect. 4.2. At minor
step i the inner loop transforms columns i — 1,7 of F andi,i + 1 of G.

To anticipate our result we are going to show that very small relative, but well
chosen, perturbations in the input and output variables of each part, (a), (b), and (c),
separately, of loop i yield exact, albeit implicit, transformations of F and G. Of course,
the input and output variables are different for each part.

Note that the output variables for Part (b) may be perturbed (again) as input variables
of Part (c). We will point out the two (of 16) operations at which our perturbations
fail to give an exact implementation of the whole of loop i. That would be a result as
strong as the one for real dqds.

As said above, if e; denotes column j of I and v is a vector satisfying e]Tv =0

then the exact inverse of 1 — vejr is I+ vejT. since (I — ve})(l + ve;) =1- ve;ve; =
T

I — (er)ve i = 1. Hence the attraction of using elementary matrices for Parts (b)

and (c). The matrix Z;, whose active part is 01l

of its inverse is implicit in creating O and 1 in F and it is only Z; that acts on G. Thus
1/u; is never used explicitly and, again, there is no error in the implicit use of Z;~ "on
F'. These observations help to explain the welcome accuracy of 3dqds in practice.

In the analysis in each statement we use a subscript on € as an indicator of the
operation. For example,

up 11 . .
! ] is not elementary but the action

fla+b+cxd) = fI(fla+b) + fllcxd) = [(a+b)(1 +e4) +c-d(1 +e)](1 +e4p).
We find it simpler to not name the perturbed variables but to indicate them by judicious

use of parentheses and square brackets. We use either a dot or juxtaposition to represent
an exact multiplication.
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Loopi, 1 <i <n —2,in Section 4.3.
Part (a)
F «— FZ;1 puts F; ;11 = 0and F; ; = 1. No errors.
G <— Z;G turns G; j+1 = 1, updates x, in G; ;.
U x = A(fLGr w4+ 3,) = [ ui (U 8 + 3, ](1 +64)
xrr =[x A+ e)][ui A+ )]+ [y A +ep)]

Part (b)
F «— E;IF puts O into Fiy1;—1 and F; 15,1, and moves the bulge to column i.
G «— GL; creates u; in G; ; (an LU output) and creates X, , y,, , 2, (bulge in G) below it.

2wy =—fl@flio) = —xflioi(+ ) x1, = =[x+ ep]/liza
3wy =—=floiflic) = —yifli-i(1+¢)) yi = [y +ep)/lizt

Note thatﬁ_l is created in loop i — 1 and (1 + &) differs from (1 + &/) in Op. 3.

4 @ = flxr —x) = (0 —x) /(1 +62) [A+en)i] =x, —xy
5 Xry = flOr —x1) = (r — 1) /(L + &) [A+e)xn,] =y —xy

6 v = SU(f1Gr = yi) = flGay *liv) = [Gr —yi)/ (A +e2) —xy L (T+e)]/ (0 +6-0)

[A+e)A+e_Dyra] =z — yy — 2 [lisa(A+ ) A+ £0)]

7 7 = —flQny * liv2) = yliva(1 +&4) 2 = =y [lis2 (A + &4)]
Part (¢)

F «— F Yfl creates’l; in Fiy1; (an LU output) and creates x,, y;, (bulge in F') below it.
G <— Y;G puts 0 into G;+1,i, Gi42,; and G;43,;, and moves the bulge to column i + 1.

8 Xry = — fl(xpy JT) = —p, /Wi (1 4+ £)) Xy = =[x, A+ ]/t
9 Yy :_fl(le/T'f\[):_)’m/”Ii(l +5/) Yr, =_[yr1(1+€/)]/fii
10 2r, = — flzr /i) = —2r, [i (1 + /) 2y = —[zr (1 + )]/t

11 77 = fl(fl(xll +yr2) + fl(xr3 * ui+l)) = fl((xll + yrg)/(l +8+) + Xy 'ui+l(1 + 8*))
= [(Xh + )/ (L4 e4) + x5 - ui1 (1 +€*)]/(1 +e44)

[+ e+ es)li] = x1, + ¥y + Xy [wir1 A+ e) (1 +61)]
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Part (¢)(cont.)
12 xy = FUFIGH +2) + FIOm #1i52)) = FUO +2) /(4 £4) + Vi - ti42(1 +£,)
=[Oy +z2) /(L +e1) 4 3y - uiga (I +8) /(L +244)

[A+e) A+ ep)xn] =y, + 2, + Yy [wir2(1+ ) +64)]

13 i, = fl(zr ¥ ui3) = 2, - uip3(1 + &4) Vb =2 [Uir3(1+ &4)]
14 Xy = fI(1 = xp3) = (1 — x,)/(1 +62) A+e)xy, =1—xp,
15 Vry = fllit1 = yr) = U1 — yr) /(1 + &) A+e)yry =liv1 = yr,
16 2y = fl(=zr,) = —2r, Iry = —Zrp

No error in negation.
end loop
Note that/l;,l is created in loop i — 1 and (1 + ¢,) differs from (1 + &/) in Op. 3.

Some comments. In Op. 4, for example, when cancellation occurs (x,, and x;, have
same exponent) there is no error in subtraction but iz; s uncertainty increases (Table 2).

We perturb x,, in Op. 5, as an output in Part (b), and also in Op. 8, as an input in
Part (c¢). Similarly, we perturb y,, in Op. 6, in Part (b), and also in Op. 9 in Part (c).
We use plain z,, in Op. 7, as an output in Part (b), and perturb z,, in Op. 10, as an
input in Part (c¢).

We did not need to perturb x;; nor y;, in Ops. 2 and 3 in Part (b) and used x;, and
v, in Ops. 5 and 6, still Part (b), as well as Op. 11 and 12, in Part (c). So x;; and yj,
did preserve their identities for the whole of loop i.

In Ops. 5 and 6 the perturbations we heaped on x,, and y,, were to avoid perturbing
xy; and yj, . It seemed just too messy to try and carry the perturb x,, and y,, through
the later operations in Part (c) that use them, such as Ops. 8 and 9.

Minor step 1 has a slightly different analysis but we omit the details which may be
derived using a similar analysis.

In summary,

Theorem 5.2 If 3dqds is executed in standard floating point IEEE standard arithmetic
with no invalid operations then suitable small perturbations (2 ulps maximum) of Parts
(a), (b), and (c) produce an exact instance of each part in every minor step.
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6 Implementation details
6.1 Deflation (n <~ n —1)

Some of our criteria for deflating come from [23], others are new. Consider both
matrices UL and LU and the trailing 2 x 2 blocks,

In—1 +up—1 1 ln—o +up—1 1
In—1uy uy |’ In—1up—1 Inmr+up |

Deflation (n <— n — 1) removes [,,_1 as well as u,. Looking at entry (n — 1,n — 1)
of U L shows that a necessary condition is that /,,_; be negligible compared to u,_1,

ln—1] < tol - lup—1l, (6.1)

for a certain tolerance tol close to roundoff unit &.

The (n, n) entries of U L and LU suggesteitheru, +acshiftorl,_1+u,+acshift
as eigenvalues where acshift is the accumulated shift. Recall that simple dqds is a
non-restoring transform (see (3.5)). To make these consistent we require that

lli—1] < tol - |u, + acshift|. (6.2)

Finally we must consider the change SA in the eigenvalue A caused by setting
l,—1 = 0. We estimate 8A by starting from U L with /,,_; = 0 and then allowing /,,_
to grow. To this end let J be UL with [,,_1 = 0 and (uy, yT, x) be the eigentriple for

J. Clearly y7 = eI'. Now we consider perturbation theory with parameter /,,_;. The
perturbing matrix §J, as [, grows, is

T
lp—1(en—1 + enun)en_l'

By first order perturbation analysis

T
8J
A = Y 8IxL
lxl20lyll2
and ||y|l> = 1 in our case. So,
I5A| = |l"71e’7;(e”*1 + e"u”)erjl;lx‘ _ [ln—1un|lxn—1]
llx 2 llx 2
and we use the crude bound T"ﬁl | < 1. So, we let [,,_1 grow until the change
X2
[OA] < [ln—1un]
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in eigenvalue A = u,, is no longer acceptable. Our condition for deflation is then
|lh—1un| < tol - |lacshift + uy,|. (6.3)
A similar first order perturbation analysis for LU with [,_; = 0 will give our last

condition for deflation. For the eigentriple (u,, y7, x) we also have y” = e!. The
perturbing matrix is now

T T
ln—1en (en,ﬂ/ln_l + en)
and

\ln_le,{en(eT u _1+eT)x| |u X + x5

_14n n n—14n—1 n

. = |lp—1l————— < llp—1l (up-11+1).
llx1l2 llx 112

I6A] =

Finally we require

lLp—1] (Jtn_1| + 1) < tol - |acshift + u|. (6.4)

6.2 Splitting and deflation (n < n — 2)

Recall that the implicit L theorem was invoked to justify the 3dqds algorithm. This
result fails if any [y, k < n — 1 vanishes. Consequently, checking for negligible values
among the /i is a necessity, not a luxury for increased efficiency. Consider / = UL
in block form

,,,,,,,,,,,,,,,,,,,,,,,,,

where i = ugy1lg, k < n — 1. We can replace u by 0 when
spectrum(Jy) U spectrum(J2) = spectrum(J), to working accuracy.

However we are not going to estimate the eigenvalues of J; and J>. Instead we create
a local criterion for splitting at (k + 1, k) as follows. Focus on the principal 4 x 4
window of J given by

Uk—1 + lx—1 L
uple—1 wk + Il 1

Uit b Pt + et 1
upsolirr  upg2 + o
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Now J; and J; are both 2 x 2 and our local criterion is
det(Jy) - det(J>) = det(J), to working accuracy. (6.5)

Let us see what this yields. Perform block factorization on J and note that the Schur

complement of Jj in J is
0 w|,-110 O
A=l o)y o)

with
g1 _ L[ g+ Ik -1
! det; | —uklk—1  ug—1+ l—1
where
dety = det(Jy) = up—1(ug + lx) + Le—11g.

Thus

7= Uk + liy1 1 _ (mlug—1 + lk—1)/det; 0

2 uggolirr  ukg2 + g 0 0"

Since det is linear by rows and the second rows are equal

det(J2) — det(J3) = pwlup—1 + lk—1)(uks2 + lk42) /dety.
Our criterion reduces to splitting only when

det(]z/) = det(J2), to working accuracy.
Thus we require
kg1 (2 + lep2) (ui—1 + lk—1) /det1] < tol - |det(J2)] .
Since
dety = det(J2) = upy1(ugs2 + lka2) + ler1liyo,
the criterion for splitting J at (k + 1, k) is then
[ty (g2 + lep2) (g1 + l—1)| < tol - |detidets] . (6.6)

Finally, to remove [; we also need [/} to be negligible compared to uy,

k| < tol - ugl. 6.7)
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Deflation (n <~ n — 2)

We use the same criterion for deflation (n <— n — 2), but because Iy =1, =0
there is a common factor det, on each side of (6.6). Deflate the trailing 2 x 2 submatrix
when

[ln—2| < tol - |uy—2| (6.8)
and
U2 Wn—3 +1—3)| < tol - lup_3(un—2 + ln—2) + l_3l,—2]. (6.9)

We omit the role of acshi ft here because it makes the situation more complicated.
We have to recall that 3dqds uses restoring shifts and acshift is always real. So, for
complex shifts, det, is not going to zero. In fact

detz] > |SV)|?

where A is an eigenvalue of J>.
When n = 3 these criteria simplify a lot. Both reduce to

|11 < tol - |uy|.

6.3 Shift strategy

As with LR, the dqds algorithm with no shift gradually forces large entries to the top
and brings small entries towards the bottom. We want to use a shift as soon as the
trailing 2 x 2 principal submatrix appears to be converging. We use the size of the last
two entries of L to make the judgement. The code executes a dqds transform with a
zero shift if

lLie1>1072  and I, > 1072,
Otherwise, a 3dqds transform is executed with
sum=l,_1 + (Up—1 +uy), Prod = up_iuy,

the trace and the determinant of the trailing 2 x 2 submatrix of U L. This will let us
converge to either two real eigenvalues in the bottom 2 x 2 or a single 2 x 2 block
with a complex conjugate pair of eigenvalues.

Anunexpected reward for having both transforms available is to cope with a rejected
transform. Our strategy is simply to use the other transform with the current shift. More
precisely, given sum and prod, if 3dgds(sum, prod) is rejected we try dqds(u,); if
dqds(0) is rejected, we try 3dqds(8, §) with § = /e. We have to admit the possibility
of a succession of rejections and in this case we don’t want to move away from
the previous shift too much, just a small amount so that the transformation does not
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breakdown. See Algorithm 4 in “AppendixB” for details. The number of rejections is
recorded and added to the total number of iterations.

7 Factored forms
7.1 Eigenvectors from twisted factorizations of the balanced form AT

A salient property of an unreduced real tridiagonal matrix C = tridiag(b, a, ¢) (no
off-diagonal entry vanishes) is that it can be balanced by a diagonal similarity easily
and, once the matrix is balanced, it can be made real symmetric by changing the
signs of certain rows. However, changing the signs is not a similarity transformation
and would not preserve the eigenvalues. It is accomplished by premultiplying by a

so-called signature matrix A = diag(éy, ..., 8,), 8i = £1. So we can write
AT = SCS™! (7.1)
where T is real symmetric and S is diagonal positive definite, S = diag(sy, ..., sp)

withs; = 1,5, = (lc1ca -+ ¢i_11/Ibiba - -bi_11)*, i =2,...,n. See [11, Section
2.2.3]
Let A be a simple eigenvalue of AT with eigenvector equations

ATx =x\, y"AT =Ay*. (7.2)

Recall that x, y and A may be complex and y*x # 0, since A is simple. An attraction
of the AT representation is that the row eigenvector y* is determined by the right (or
column) eigenvector x. Transpose ATx = xA and insert / = A? to find

xTAAT = Ax"A). (7.3)

Compare with y* AT = Ay* to see that y* = xTA. See [13,30].

The so-called twisted factorizations generalize the lower and upper bidiagonal fac-
torizations. These factorizations gained new popularity as they were used for the
purpose of computing eigenvectors of symmetric tridiagonal matrices [10,22]. The
idea is to begin both a top-to-bottom and a bottom-to-top factorization until they meet
at, say, the k-th row, where they will have to be glued together. The index k is called
the twist index or the twist position.

Observe that the eigenvector equations ATx = xA and (xTA)AT = A(xTA) are
equivalent to

(T—=AM)x=0 and x"(T—-AA)=0
where 7' — AA is symmetric. Now suppose that we have A as an approximation to
an eigenvalue A of AT and that 7T — AA admits both lower and upper bidiagonal

factorizations, starting the Gaussian elimination at the first row and at the last row,
respectively,
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T —AA=LDLT =URU",

where L is unit lower bidiagonal and U is unit upper bidiagonal. Matrices D and R

are the diagonals holding the pivots of the elimination process. Let (L);+1,; = ¥i,
W)ijiv1=u;,i=1,...,n—1,and D =diag(d,, ...,dn), R =diag(ry, ..., rn),
i=1,...,n. Then,~for each twist index k = 1, ..., n, we can construct a twisted

factorization of 7 — AA as

T — XA = NG N} (7.4)

where

- _ ) .

01 1 &

di—1
Lr—1 1 upyy
N - R G =
3 1 tgsn k 123 -
1 u

The only new quantity is the twist element yx = (Gy ) x and one formula for it is
vk = di +r = (T = Ny (7.5)
and another is

VI=T"1, VYn=4dn, Y+l = Vitk+1/di, k=1,...,n—1. (7.6)

These formulae are not difficult to obtain. See [35].

A very useful feature of these twisted factorizations is that they can deliver a very
accurate approximation to the column eigenvector x (and row eigenvector x' A). Since
Nk_lek = ej and Gk_lykek = eg, solving a system of the form

NyGiNlz = yiex (7.7)
is equivalent to solving
Nlz =
lz=e (7.8)
which leads to the recurrence
% =1,
Z[:—E[Z,'_;'_l, i:k—l,k—2,...,l, (79)

i = —UjZi—1, l=k+1,k+2,,n
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The above is just inverse iteration to obtain z (and z' A) as an approximation to A’s
eigenvector x (and xT A) with residual norm

(T =AMzl _ Iwl
Izl lzll

Therefore a natural choice for the twist index would be k such that

vl = min_y].

=1,...,

This strategy to choose an initial guess for the elgvenvector pr0V1des as a by-product,
the diagonal entries of (T — )\A) since [(T AA)™ ]k =Y ! See [35, Lemma
2.3]. ’

If A is definite, one important result presented in [7,8] is that we can always find a
twist index k such that

el < /AIX = Al

Since (7.9) uses only multiplications, the computed vector will be very good provided
that A is accurate enough. In the general case, to judge the accuracy of the eigenvectors,
we compute column (and row) residual norm relative to the eigenvalue,

ATz — Az NG M)zn I27(T = AA)]|
Azl Azl AllZTA

(7.10)

IATz — Az]|

. . lzlI|AT ] . .
In[24] we show that unique tridiagonal “backward error” matrices can be designated

for an approximate pair of complex eigenvectors (column and row) or two approximate

real eigenvectors.

This is a stricter measure than the usual

7.2 Relative eigenvalue condition numbers

The condition number of every eigenvalue of a real symmetric matrix is 1, but only in
the absolute sense. The relative condition number can vary. In the unsymmetric case
even the absolute condition numbers can rise to oo and little is known about relative
errors. In [13] several relative condition numbers with respect to eigenvalues were
derived. Some of them use bidiagonal factorizations instead of the matrix entries and so
they shed light on when eigenvalues are less sensitive to perturbations of factored forms
than to perturbations of the matrix entries. These condition numbers are measures of
relative sensitivity, i.e., measures of the relative variation of an eigenvalue with respect
to the largest relative perturbation of each of the nonzero entries of the representation of
the matrix. So the perturbations we consider are of the form |5 p;| < n|p;],0 < n < 1.
In this section we present the relative condition number for the entries of the matrix
C and for the LU factorization of the J-form.
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Assume that A # 0 is a simple eigenvalue of real tridiagonal matrix
C = tridiag(b,a,c). Let AT = SCS~! be the balanced form (7.1) of C and
(A, x, xTA) be an eigentriple of AT,

ATx =x\, (x'A)AT =Ax'TA), A#0, (7.11)
and recall that AT and C eigenvectors are simply related by

C(s7'x) = (s7'x)A,  (xTAS)C =A(x"AS). (7.12)
The relative condition number with respect to A for the entries of C is

|xTAS|ICI ]S x|

relcond(\; C) = A |(xTAS)(S—1x)

’

where |M|;; = |M;;|, for any matrix M. Since § is diagonal it follows that

[xTA[ISIICT|S™ x| |xTA[IAT]|x]|
IAllxTAx|  xTAx|

relcond(\; C) = =relcond(\; AT).

(7.13)
We have just shown that, in general, for any scaling matrix X invertible and diagonal,
the expression for relcond (\; C) yields relcond(\; XCX~') = relcond(\; C). See
[13, Lemma 6.2].
When C is unreduced it is also diagonally similar to a J-form,

J=DCD ' =1tridiag(b,a,1)

where D = diag(l,cy,cica,...,c1c2---cy—1) and b = diag(bicy, brcy, ...,
bp_1cy—1). Now assume that J permits bidiagonal factorization J = LU and write

AT =FJF~', F=8D7!, (7.14)
to obtain
LU (F'x) = (F'x)A (TAF)LU=A(TAF), A #£0.
Recallthat L = I + L and U = diag(uy, ..., uy) (1 + U) with
0 ul_l

L0 0 uy
and U = :

o
Il
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For the cost of solving two bidiagonal linear systems,
o' <I +U) = (xTAF) forv! and Lw :LO(F_Ix) for w,

we obtain the following expression of the relative condition number for the entries of
L and U,

[o|T[F~ x|+ [xTAF||w]
|xTAx| '

relcond(\; L, U) := (7.15)

See [13, Section 6.3]. Next we deal with a case of a simple zero eigenvalue. Although
the right hand side of (7.15) is a nonzero finite number for a simple eigenvalue A = 0,
observe that the perturbations we consider for U, that is, |Su;| < nlu;|, produce
uy + 8u, = 0 whenever u,, = 0. This means that singularity is preserved or, equiv-
alently, that the zero eigenvalue is preserved. Therefore, it seems appropriate to set
relcond(0; L,U) = 0. -

We use eigenvalue approximation A from Rayleigh Quotient Iteration (RQI) and
eigenvector approximations z and z' A obtained from (7.8) to compute the relative
condition numbers (7.13) and (7.15). The residual norms for AT are given by (7.10)
but for J = LU, with eigenvector approximations F~!z and z' AF, by

IF~Y(T —AA)z| . Iz7(T —AA)F|
Al F~1z]] AllzTAF|

(7.16)

7.3 Generalized Rayleigh quotient iteration

In addition to computing both column and row eigenvector approximations from

twisted factorizations of AT, the algorithm described in Sect. 7.1 can also be used to

improve the accuracy of the eigenvalue approximation A by performing a Rayleigh

Quotient Iteration. So, our code will return an eigenpair approximation (S~'z, zTAS)

for C together with an improved eigenvalue estimate, the generalized Rayleigh quo-

tient,

(TAS)C(s7'z)  (2TA)ATz  ~  (2'A)(AT —AI)z
= =A+ .
(zTAS)(S71z) Az Az

(7.17)

Given the twisted factorization in (7.4) and (7.7), the Rayleigh quotient correction is
given by

(ZTA)(ANkaN]I)Z _ zTykek Vi

ZTAz Z'Az A7

p =

since zx = 1, where y; is given in (7.6) and (7.5).
Recall that for x € C, %(x) denotes the real part of x. The following lemma extends
Lemma 12 in [8, pg. 886] to the unsymmetric case.
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Lemma7.1 Let T — AA = NyGiN] and NyGyN]z = wex, zx = 1. Then the
Rayleigh quotient p with respect to AT — Nl is

%
ZTAz

and

5 TAR2 _ 172
[(AT = B+ o)D)z il (M—a’k> (7.18)

Izl izl lzTAz|?
where wi = 28R (2" Az) — |1z]|%
Proof Let A =diag(8y, ..., d,),8; = *1. Since
(AT — A+ p) 1)z = (AT =Nz — pz = ANy Gk Nz — pz = Spyker — pz,
then

~ 2 _ —
[(AT — A+ p)1)z|” = I8k ek — pzllI* = (SiTker — P2)" - (Skykex — pz)
= Iyel® + o111zl = 28R (Fip)
vl 5 28dwl?

2 T
= Riz'A
lvil” + IZTAZIZ||z|| A (z'Az)
lyel* Ta2 2 T
RN 2" Az|” + [lzlI” — 28N (z Az) ).

Thus,

[(AT = G+ D] _ 1wl ('zTAZ'2 — (3N A9 - HZH2)>1/2
Iz] izl |zTAz|? ‘
Observe that, since z; = 1,
1z Az> + [1zI> — 280 (2T Az) = llzI> + 12" Az — 8> — 1 > 0.
If the easily checked condition

wr = 28R Az) — ||lz))> > 0 (7.19)

is satisfied, we obtain a decrease in the residual norm by using the Rayleigh quotient;
the pair (7\ + p, z) is a better approximate eigenpair than (7\ 2). O

When A = I (symmetrizable case) the condition (7.19) reduces to 2||z||> — ||z||> =
lz||> > 0 and the Rayleigh quotient correction always gives an improvement. In this
case (7.18) simplifies to
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(T =& +oD)z] 1wl <||z||4— ||z||2)”2 CInd <||z||2— 1)”2_ (7:20)

llzll llzll lzI* Izl X\ lizll?

Given an approximation A to an eigenvalue A of AT we compute the twisted fac-
torization of 7 — AA and use inverse iteration (7.8) to obtain A’s column and row
eigenvector approximations, z and z' A. The Rayleigh quotient correction (7.17) gives
anew approximation A+ p for A. We may repeat this process until there is no improve-
ment in the residual (7.18). Although RQI can misbehave for non-normal matrices,
we can use (7.19) to judge improvement (see [15,34]). Our code 3dqds examines wy
and whenever it is greater than zero we apply RQI, otherwise not.

8 Numerical examples

The need for a tridiagonal eigensolver is admirably covered in Bini, Gemignani and
Tisseur [1], many parts of which have been of great help to us. We refer to the Ehrlich-
Aberth algorithm (see Sect. 2.5) as BGT and to our code simply as 3dqds, although
we combine 3dqds with real dqds as described in Sect. 6.3.

Here the exact eigenvalue A; is computed in quadruple precision, using MATLAB
Symbolic Math Toolbox with variable-precision arithmetic, and A; denotes the com-
puted eigenvalue in double precision (unit roundoff 2.2 10~'%). We compare our 3dgds
algorithm with its explicit version, refered as ex3dqds (the three steps of dqds are com-
puted explicitly in complex arithmetic, see Fig. 1), with a MATLAB implementation of
BGT and with the Q R algorithm on an upper Hessenberg matrix (MATLAB function
eig).

All the experiments were performed in MATLAB (R2020b) on a LAPTOP-
KVSVAUUS with an Intel(R) Core(TM) i5-8250U CPU @ 1.60GHz and 8 GB RAM,
under Windows 10 Home. No parallel operations were used. We acknowledge that the
MATLAB tests do not reflect Fortran performance, but even in MATLAB environment
the ratio of elapsed times is an important feature.

8.1 Bessel matrix

Bessel matrices, associated with generalized Bessel polynomials [25], are nonsym-
metric tridiagonal matrices defined by B,(,a’b) = tridiag(8, «, y) with

b B [o3]
o = ——, :—(x, = .
1 P Y1 1 1=
-2
aj = —b— a - , j=2,...,n,
Qj+a—-2)2j+a—4)
j+a-—2
vj i =b— - )
Rj+a—-2)2j+a—-3)
J .
i =—b , =2,...,n— 1.
b Qji+a-0hC2j+a-2 "7
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Table 3 Relative errors for computed eigenvalues from B,(fs's'z), B,(,Iz‘z) ,and (8274'5‘2) with one RQI)

(a.b): n eig BGT 3dqds
relyin relmax relyin relmax relymim relmax

(—8.5,2); 18 1.6 1076 271071 7.11077 231071 591077 231071
(—8.5,2); 25 251071 1.9 10° 1.3107! 1.9 10° 241071 1.8 10°
(—4.5,2);20 411077 321071 1.01077 2.1 107! 151078 121071
(—4.5,2);25 20107 1.3 100 571072 1.2 100 2.0107! 7.3107!
(12,2); 40 331071 131071 1110715 191071t 2.11071 171071
(12,2); 50 7.010~15 3.5107! 8510716 43107! 6.51015 3.4107!

Parameter b is a scaling factor and most authors take b = 2 and so do we. The case
a € R is the most investigated in literature. The eigenvalues of B,Ea’b) , well separated
complex eigenvalues, suffer from ill-conditioning that increases with n - close to a
defective matrix. In Pasquini [25] it is mentioned that the ill-conditining seems to
reach its maximum when a ranges from —8.5 to —4.5. We pay a lot of attention to
these matrices because they are an interesting family for our purposes. Each picture
teaches us a lot about the behavior of eigenvalues.

Our examples take B\ 522, B{™*>2) and B{'*? forn = 40, 50. We show pictures

p n > Dp n s p
for MATLAB (double precison), BGT and 3dqds to illustrate the extreme sensitivity
of some of the eigenvalues. The results of ex3dqds are visually identical to 3dqds, so
we don’t show them. In exact arithmetic the spectrum lies on an arc in the interior of
the moon-shaped region. Our pictures show this region and the eigenvalues computed
in quadruple precision (labeled as exact).

Table 3 ihows the minimum and maximug relative errors, respectively, rel,in, =
min; |A; — A;|/|A;| and rely . = max; [A; — A;|/|A;|. The relative condition numbers
relcond(\; C) and relcond(A; L, U) (see (7.13) and (7.15)) and residual norms (see
(7.10) and (7.16)) are shown in Table 4. We show both condition numbers because
MATLAB and BGT only use matrix entries and 3dqds uses L, U factors.

The results for Bfg_&s’z), n = 18, 25, are shown in Fig. 3, without RQI (Rayleigh
Quotient Iteration) and with one RQI. Observe on the real line that our approximations
with one RQI (¢) lie on top of the BG T approximations. We include the pictures (b) and
(d) to show well the extreme sensitivity of the eigenvalues. Note how the eigenvalues
move out of the moon-shaped inclusion region.

In Fig. 4 we show the results for B,5_4'5’2), n = 20, 25, and B,?“), n = 40, 50,
without RQI. The reader is invited to see the large effect of changing n from 20 to 25,
in (a) and (b), and from 40 to 50, in (c) and (d). Notice that our results are slightly but
consistently better than those of the other two methods.

8.2 Clement matrix
The so-called Clement matrices (see [3])
C =tridiag(b,0,c)
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Table 4 Relative condition numbers and residual norms for B,(,78'5‘2) , 3274'5‘2), and B,(,n‘z)
(a,b); n relcond(\; L, U) relcond(\; C) max residuals
min max min max J=LU AT
(—8.5,2); 18 43108 6.6 1013 1.5 1010 22100 2.110714 1.8 10714
(—8.5,2); 25 8.0 1010 431013 43102 2.6 1013 3910714 1210714
(—4.5,2); 20 8.1107 3.51014 3.510° 1.7 1016 3510714 3110714
(—4.5,2); 25 6.3 108 2.6 104 4.6 1010 1.9 1010 4510714 5.010714
(12,2); 40 9.3 10! 7.0 1015 1.4 102 1.8 1010 1310715 4610714
(12,2); 50 1.8 102 1.1 1016 2.7 102 3.8 1010 1.9 10715 7.710°15
Exact (0), 3dqds(+), Matlab (x) and BGT (.) Exact (o), 3dqds(+), Matlab (x) and BGT (.)
0.15 % : . 7%
0.08 + - \}\
0.1 0.06 e 50°° o
0.04 * // o° g
0.05 / o +x
0.02 [ e}
[ o 4
0 [ | o
\ o <
0.05 oo Oo “x
-0.04 - \\ oO ™
0.1 -0.06 \\ %0, Oﬁ/?
ots | 0.08 < . ‘VF %
0.1 0.15 0.1 -0.05 0 0.05
(a) n=18; no RQI (b) n = 25; no RQI
Exact (o), 3dqds(+), Matlab (x) and BGT (.) Exact (o), 3dqds(+), Matlab (x) and BGT (.)
0.15 00 “ J/r o+ -
0.1 0.06 yd 000 0f
0.04 - // o° N
0.05 / o s x
0.02 / o
o +x
0 oF x -+ | o
o X
-0.02 o .
-0.05 o +x
0.04 ot \\ °, 4
0.1 0.06 \\ oo Oé/?
0.15 ‘ 008 ‘ * + fﬁft ‘
0.1 0.15 0.1 -0.05 0 0.05

(€) n =18; one RQI

Fig.3 Eigenvalues of B,S_S'S’z), n=18,25

(d) n = 25; one RQI

withb; = jandc; =b,_;, j =1,...,n — 1, have real eigenvalues,

+n—-1,n-3,...,1,

+tn—-1,n-3,...

707

for n even,
for n odd.
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Exact (0), 3dqds(+), Matlab (x) and BGT (.) Exact (0), 3dqds(+), Matlab (x) and BGT (.)
041 T T T T 3 T T T T T T T T
% XX -
0.08 0.06 ~.
e + O+O & & £
0.06 X 00 tx
0.04 y/ o
0.04 ) o +ox
0.02 : °©
0.02 - S o £x
o .
of | 0 | o H x
\ o o
002 \ 002F % OO + X
0.04 X
-0.04 - + OO +
k \
0.06 X \% g O+»<
N *
-0.08 -0.06 Wt R
XX —
0.1 . . B . . . . . . . . .
-0.15 0.05 012 -01 -0.08 -006 -0.04 -002 0 002 004
(a) (a,b) = (—4.5,2); n = 20 (b) (a,b) = (=4.5,2); n =25
Exact (o), 3dqds(+), Matlab (x) and BGT (.) Exact (0), 3dqds(+), Matlab (x) and BGT (.)

0.025
0.02 -
0.015
0.01
0.005

-0.005 [
-0.01
-0.015 [
-0.02 [

-0.025 [

0.01 0.02

(€) (a,b) = (12,2); n =40 (d) (a,b) = (12,2); n =50

Fig.4 Eigenvalues of B,(174'5’2) and B,(ll2’2) (without RQI)

These matrices posed no serious difficulties. The initial zero diagonal obliges the dqds
based methods to take care when finding an initial LU factorization.

The 3dqds and ex3dqds codes use only real shifts as they should and the accuracy
(approximately the same) is less than BGT but satisfactory. One RQI reduces errors
to O(e).

Our numerical tests have n = 50, 100, 200, 400, 800. The relative condition num-
ber relcond (\; C) ranges from 10° to4 107 and it is smaller at the ends of the spectrum.
The maximum residual norm for C is @(10~!"). The minimum and maximum rela-
tive errors, rel,,;, and rel, ., are shown in Table 5. Note the poor performance of
MATLAB’s eig (so much for backward stability).

The CPU elapsed times are presented in Table 6. We put (+) whenever a RQI is
used. Since we compare MATLAB versions of all the codes we acknowledge that the
elapsed times are accurate to only about 0.02 seconds. However, this is good enough
to show the striking time ratios between BGT and the dqds codes.

We draw the readers attention that for n = 400 our algorithm is about 200 times
faster than BGT but when n rises to 1000 it is over 600 times faster. This is finding the
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Table 5 Relative errors for Clement matrices (without RQI)

n eig BGT 3dqds
relyin relmax relyin relmax relyim relpax
50 4.4 10710 7.4 10711 0 0 1.7 10716 4710715
100 1.6 10713 1.61073 0 1.810716 0 211071
200 4310710 1.6 10! 0 1.110715 0 9.4 10714
400 5.7 10716 5.5 10! 0 5.610710 0 7.6 10713
800 2710713 44102 0 1210713 0 1.810712
};:’:jel:mgi[fnzaecg seconds eig BGT ex3dqds (+) 3dqds (+)
100 0.011 0.83 0.014 0.009
200 0.097 2.01 0.020 0.014
400 0.28 8.33 0.036 0.025
800 0.90 35.70 0.080 0.066
1000 1.49 67.02 0.120 0.094

eigenvalues to the same accuracy, namely O(¢). In addition we provide eigenvectors
and condition numbers.

An important further comment which illustrates challenges of the unsymmetric
eigenvalue problem is that in these examples for n > 200 the scaling matrices F used
above (see (7.14)) are not representable. This limitation indicates why we use the AT
form for computing the eigenvectors. The overflow problem, which also arises for
S~! (see (7.12)), although not so quickly, explains why BG T confines its attention to
n = 50, but we go further because of our approach.

8.3 Matrix with clusters
Matrix in Test 5 in [1],

C =D 'tridiag1,a,1), D =diag(B), a,B cR"
ar = 100D WA g — B k=1, o,

seems to be a challenging test matrix. It was designed to have large, tight clusters of
eigenvalues around 107>, —103 and 10°. Half the spectrum is around 10> and the rest
is divided unevenly between —10° and 10°. The diagonal alternates between entries
of absolute value 10° and 107> and so, for dqds codes, there is a lot of rearranging to
do. When n > 100 it is not clear what is meant by accuracy.

The matrix has a repetitive structure and the diagonal entries are a good guide
to the eigenvalues. For n = 100 and for the large real eigenvalues near £10° the
eigenvectors have spikes (—107>, —1, 10™>) (complex conjugate pairs have spikes
(10_5, 1,—-1077, -1, 10_5), at the appropriate places, and negligible elsewhere.
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Hence the numerical supports for many eigenvectors are disjoint. The essential struc-
ture of the matrix is exhibited with n = 10,

1073 1
1 100 1
-1 -107° —1
-1 100 -1
—-1107° —1
€= 1 —105 1
1 —107° 1
1 10° 1
-1 =107 —1

-1 —-10°

and it has 5 eigenvalues near 0, 3 eigenvalues near 10° and 2 near —10°. All the
eigenvalues are well-conditioned and the three codes obtain the correct number of
eigenvalues in each cluster.

When n = 20 there are 10 eigenvalues near 1075, 6 near —10° and 4 near 10°;
relcond(\; C) and relcond(\; L, U) are all less than 1.2 10!; the maximum residual
norm for C and J = LU is O(10~2). For the eigenvalues with small modulus, BGT
and 3dqds (with 2 RQI, in average) compute approximations with relative errors of
O(e), whereas eig yield larger relative errors, as large as 107°. See Table 7.

Table 7 Relative errors for the three clusters in Test 5, with n = 20

A eig BGT 3dqds (++)

relmin relmax relmin relmax relmim relmax

Ax —10° 2.010720 1910715 2.010720 7.110717 2.010720 8.6 10711
A~ 109 5.010731 2210713 5.0 10731 2210714 5010731 1.0 10710
A] &~ 1075 121078 20107 3.010°17 271071 8010717 2010710

8.4 Other scaled test matrices

Here we consider other test matrices from [1]. The eigenvalues of these matrices have a
variety of distributions, in particular, the eigenvalues in Test 4 and Test 7 are distributed
along curves. See Fig. 5. All these matrices are given in the form

C = D 'tridiag(1, a,1), D = diag(B), o, B €R".
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Test 1 Test4
0.8 T 0.05 T T T T T
0.03
04
0.02
ozr 0.01F
. 3| (
0.2 -0.01
-0.02
0.4
-0.03
061 i 0.04 ~
0.8 . . - . . 0.05 - - - - - 5 5 5 5
-2 -15 -1 -05 0 0.5 1 1.5 2 -0.1 -0.08 -0.06 -0.04 -0.02 0 002 004 006 008 0.1
x10°
(a) (b)
Test7 Test 9
200 T T 0.025 T
150k 0.02
0.015
100 [
0.01
sor 0.005 T
of ' 0
ol 0.005 .
-0.01 .
-100 - P
0.015 L
8oy -0.02 B
-200 . . : . . . . . -0.025 . . :
-800 -600 -400 -200 0 200 400 600 800 1000 -3 -2 1 0 1 2 3
(© (d
Fig.5 Eigenvalues of matrices in Tests 1, 4, 7 and 9 for n = 400
Test1:ap = (DX g = =Dk, k=1,...,n.
Test3: oy =k, Br=n—k+1, k=1,...,n.
Testd:ar = (— DX, B =20- (—D¥AI k=1,... n
Test6: o, =2,8c=1, k=1,...,n.
Test7: o = — + Be=—-(—DWPl k=1, n.

k n—k+1""7" &k

Test9: o, =1, k=1,...,n; ,Bkz{

lifk <n/2
—lifk > n/2

The extreme relative errors, condition numbers and residual norms for the three
codes, MATLAB’s eig, BGT and 3dqds, are shown in Tables 8 and 9.
Table 10 reports the CPU time in seconds required by 3dqds versus the time required
by MATLAB’s eig, BGT and ex3dqds with n ranging from 400 to 1000. Examples

were chosen to represent the best, worst, and average efficiency of BGT.

@ Springer



412

C. Ferreira, B. Parlett

Table 8 Relative errors for matrices in (8.1) for n = 100

Test eig BGT 3dqds
relyin relmax relyin relmax relyim relmax

1 2310717 3310713 981071 2810716 98107 10107 )
3 0 L1104 o 111074 o L1 @
4 2810716 5510715 431078 1110710 6610718 1410710 (4
6 2810718 4510713 30107 131078 301079 331074 @)
7 2210717 61107 1910718 3510716 1510718 801071  (+)
9 3110717 12107% 141008 6710710 1410718 3210715 3)

Table 9 Relative condition numbers and residual norms for matrices in (8.1) for n = 100

Test relcond(\; L, U) relcond(\; C) max residuals
min max min max J=LU AT

1 1.0 100 3.8 102 1.0 10° 1.6 102 4.810712 1.81071!
3 1.0 100 2.3 10° 1.0 10° 1.1 10! 4910714 1310712
4 1.3 10° 2.8 100 1.3 10° 2.4 10! 351078 131077
6 1.0 100 5.0 10! 1.0 10° 4.1 103 1310710 1310710
7 1.5 100 5.5 102 1.3 109 2.4 10! 3.010710 151079
9 1.1 100 7.2 102 1.0 10° 2.1 102 331077 331077
Igf:s;tﬂciﬁg%‘fs? 56"'223‘3‘93 Testn  eig BGT  ex3dqds(+)  3dqds (+)

3; 400 0.11 3.12 0.07 0.03

6; 400 0.003  53.0 0.04 0.03

9; 400 0.39 19.5 0.52 0.32

3; 800 0.34 13.5 0.13 0.08

6; 800 0.01 3602 0.12 0.08

9; 800 1.28 84.5 1.28 0.94

3; 1000  0.77 1876  0.14 0.10

6; 1000  0.02 4433 0.14 0.09

9; 1000  2.12 1450  1.68 1.31

8.5 Liu matrix

Liu [16] devised an algorithm to obtain one-point spectrum unreduced tridiagonal
matrices of arbitrary dimension n x n. These matrices have only one eigenvalue, zero
with multiplicity 7, the Jordan form consists of one Jordan block and so the eigenvalue
condition number is infinite. Our code 3dqds computes this eigenvalue exactly (and
also the generalized eigenvectors) using the following method which is part of the

prologue. See [12].
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The best place to start looking for eigenvalues of a tridiagonal matrix
C = tridiag(b, a, ¢) is at the arithmetic mean which we know (u = trace(C)/n).
Before converting to J-form and factoring, we check whether p is an eigenvalue by
using the 3-term recurrence to solve

n—1

(ul = C)x = expu(w)/ [ ] ci-

i=1

Here

1 .
x=l x=@-a)fer, xjp=_—[w=apxj=bj-1xj1], j=2....n—1,
J

and

n—1
U= (U — ap)Xy — bp_1x,-1 (Z Pn(0)/ 1_[ Ci) .

i=1

If, by chance, v vanishes, or is negligible compared to ||x ||, then w is an eigenvalue (to
working accuracy) and x is an eigenvector. To check its multiplicity we differentiate
with respect to p and solve

I -=C)y=x
withy; =0, y2 =1 =xj} (=x). If

n—1

v =pw)/ [ e = @—anyn—boryn1 +x
i=1

vanishes, or is negligible w.r.t. ||y, then we continue the same way until the system
is inconsistent or there are n generalized eigenvectors.

Usually v # 0 and the calculation appears to have been a waste. This is not quite
correct. In exact arithmetic, triangular factorization of u/ — C or ul — J, where
J = DCD™!, will break down if, and only if, x; vanishes for 1 < j < n. So our
code examines min; |x;| and if it is too small w.r.t. its neighbors and w.r.t. |x|| then
we do not choose w as our initial shift. Otherwise we do obtain initial L and U from
J—upul=LU.

For comparison purposes, we ignored our prologue and give to our 3dqds code the
Liu matrices for n = 14 and n = 28, tridiag(1, o", y™) defined by

a'=10,0,0,0,0,0,-1,1,0,0,0,0,0,0]
yU=[-111-1,1,-1,-1,-1,1,-1,1,1, —1],
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Exact (o), 3dqds(+), Matlab (x) and BGT (.) Exact (o), 3dqds(+), Matlab (x) and BGT (.)
0.08 T T T —r T : T 0.3 T TR T T
0 X + o+
x + X 0 1%
0.06 + + Wt N
x 02 +. N
0.04 ~+ + * X
0.1 * * x
002 Ly 1% . L
X
0 (¢] 0 [cg -+
4 x
0.02 Xt +/x . e
-0.1 qé \ 4 X
-0.04 . +x . 5 %
e # x
-0.06 [ o X e
T + + . E
+ X . e
0.08 Lt . . . M . . . . 03 . Xy X . .
-0.1 -0.08 -0.06 -0.04 -0.02 O 0.02 0.04 006 0.08 0.1 -0.3 -0.2 -0.1 0 0.1 0.2 0.3
(@) n=14 (b) n=28
Exact (o), 3dqds(+), Matlab (x) and BGT (.) Exact (o), 3dqds(+), Matlab (x) and BGT (.)
0.6 08
0.6
041 T
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02t
/ot 0.2/
++x2<"">$x++ I
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02F N - 021\
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16 14 12 -1 08 06 -04 -02 0 02 15 -1 0.5 0 05
(¢) n=28 (d) n=s56

Fig.6 Eigenvalues of Liu matrices (a, b), and glued Liu matrices (c, d)

and

«?=[0,0,0,0,0,0,~1,1,0,0,0,0,0,—1,1,0,0,0,0,0, 1, ~1,0,0,0,0,0,0] ,

s [ =LL1L—1,1,—1,—1,—1,1,—1,1, 1, -1,
Yol S =11, =1, =1, =11, =1, 1,1, —1 |

The accuracy of the approximations delivered by 3dqds is as good as the accuracy of
those provided by MATLAB and BGT. The absolute errors are O(1072) for n = 14
and O(10~") for n = 28. The number of iterations needed for 3dqds to converge is less
than 3n. See Fig. 6a, b. We show the numerical results along with the circles z = /e.

We also considered glued Liu matrices which are defined as the direct sum of
two Liu matrices, shifting one of them by +/2 and letting the glue between them be
¢. Roundoff will give us two clusters, one around 0, the other around ﬁ This is
not a one-point spectrum matrix and all three methods give the results expected by
perturbation theory. See Fig. 6¢, d. This is a very unstable example, the condition
numbers all exceed 10'°.
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9 Conclusions

Following the broad success of the HQR algorithm to compute eigenvalues of real
square matrices it seems natural to use a sequence of similarity transforms to reduce
an initial real matrix to eventual triangular form and also deflate eigenvalues from
the bottom of the matrix as they converge. Any real (unreduced) tridiagonal matrix is
easily putinto J-form (all superdiagonal entries are 1) and such matrices ask for the use
of the LR (not QR) algorithm since it preserves the J-form. The potential breakdown
of the LR transform, from a 0 pivot, was a strong deterrent in the early days (1960s)
[20] but today is a mild nuisance as explained in Sect. 5.1. A further incentive is that
the whole procedure can be carried out in real arithmetic since complex conjugate
pairs of eigenvalues are determined from 2 x 2 submatrices that converge and may be
deflated in a manner similar to real eigenvalues. The more recent success of the dqds
transform in computing singular values of bidiagonal matrices encouraged us to keep
out J matrices in factored form: / —ol = LU, J=U L, because, in exact arithmetic,
the two algorithms, LR and dqds, are equivalent. In addition the dqds transform of
today is numerically superior to the original, and seminal, qd transform discovered by
Rutishauser [26] and which gave rise to the LR algorithm itself.

In order to hasten convergence we will need to apply complex conjugate pairs of
shifts to our current LU = J matrix. It is well known how to do this entirely in real
arithmetic in the context of the LR algorithm. To the best of our knowledge this has not
been tried in the context of dqds. The main contribution of this paper is the solution
to this challenge. We realized that three, not two, transforms are required to return to
real factors L and U when complex shifts are applied consecutively. This is the nature
of our explicit version, a local detour invoking complex arithmetic. We went further
and produced a subprogram 3dqds that accomplishes the same goal but in (exact) real
arithmetic. This implicit version is more efficient than the explicit but is sensitive to
roundoff error in its initial step. Experts will recall the papers on “washout of the shift”
in the implicit shift HQR algorithm in the 1980s. We can not prove that our algorithm
is backward stable. In fact we dought that it is. However we do show that the three
parts of the inner loop separately enjoy high mixed relative stability.

In the process of implementing our new features we were led to a novel and detailed
criterion for deciding when our J = LU matrix has split into two or more unreduced
submatrices. We check for splits at every iteration. Our new subprograms must only be
applied to unreduced matrices. We also gave attention to the choice of a new shift when
a factorization fails and when to start using the bottom 2 x 2 submatrix for shifting.

We save a lot of space by confining our eigenvector calculations to the AT form
so that only one vector need be stored. From it we can compute the relative condition
numbers that we need. Instructions are given how to generate the eigenvectors for the
original and the J-form representions.

Acknowledgements The authors would like to thank Associate Editor Martin H. Gutknecht and the anony-
mous referees for forcing us to look more deeply into an error analysis of our triple dqds algorithm (first
version) and to give a clearer presentation of its mathematical analysis and implemention details (last
version).
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AppendixA 3dqds algorithm

['l\, u] = 3dqds(l, u, sum, prod)

% sum = (0] + 03); prod = o102

%L: [,y 1] w=Tlup,up,...,u,l
% T=[01.5.....1,

~aln71];i2= [il\]ail\zﬂ"~7’/’t\n]

% step 1

=1 y =4 z=0

% the effect of Z;

Xp = Xp kUL + Y

% the matrix Efl

x; = (ug + 1)+ usly — sum(u; +[1) + prod
i = —uzliuzly /x

x; = —ualy(uy + 11 +uz + 1l — sum)/x;

% the effect of £

Uy = xr —xg;
Xp =Y — X1
Ir = =Y * I3
% the matrix Yl_]

Xy = xr/ﬁﬁ Yr = Yr/ﬂﬁ ir = Zr/’/il
% the effect of Yl_1

I =x1+yr +x %xup

for i

Yr =2 — Y1 — X1 %12}

% steps 2 to n-3

=2,...,n—3

% the effect of Z;

Xp = Xp % U + Yr

% the ma:cIix Ei’l R
xp=—xi/li-v; yi=—=y/li-1;
% the effect of L;

W = xp — X1;
Xr = Yr — XI5
zr ==y *liy2
% the matrix YL._1

Xp =X /Uiy Y= Yr/Wis Zr =2 /Ui
f{o the effect of Yl._l

li = X1+ yr +xr *uip
X1 =Y+ 2r + Yr kU423
% the effect of Y;

Yr=2zr — Y — X *%lit1;

VI =Zr *Uj43

X| =Y+ 2+ Yy kU3; V=2 kuy xr=1—x5 yr=liv1— Y zr =—2r
% the effect of Y; end for
Xr = 1 —Xr; Yr ZIZ_yr; Ir = —2%r
% step n-1 % step n
[0} -
% step n-2 % the effectof Z,,_; % the effect of Z,,

% the effectof Z,_»

Xp = Xp % Up—2 + Yr

% the maHix E;_lz R

X1 =—=xi/ln-3; yi=—yi1/ln-3;
% the effectof £,_»

U2 = Xy — X[;

Xrp =Yr — XI5 Yr =2Zr — Yl — X *lnfl
% the matrix Yn:lz

Xp = xr/ﬁn—ZZ Yr = Yr/”;n—z
f{o the effect of Yn__l2

o = X1+ yr + X *Up_y

X| =y + yr*xuy

% the effectof ¥,,_»
xp=1—=x; Yr =ln71 - Vr

Up—1 = Xr

% the mat

xr=1—x
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Xr = Xp kUp—1 + Yr
% the matrix £, ',
xp = —x1/ln—

% the effect of £,,_;

X = Xp % Uy
% the matrix £, ! =1
% the effect of £,

-~

Up = Xr;

— x5 % the matrix ¥, ! =1

Xr =Yr — X

- y—1
rix Y,

Xy = xr/ﬁn—l

% the effect of Y,,ill
ln—1 = x| + xp % uy
% the effectof ¥,,_;

'
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AppendixB Pseudocode for the whole algorithm

Algorithm 1 wrapper for 3dqds

Input: vectors a, b, ¢
Output: eigenvalues of tridiag(b, a, c)

top =1
split(l) = top
indsplit =1

nits =0
itmax = 100n
acshift =0

find 7 and u of J form [Algorithm 5]

while (top + 1 <n and its < itmax)do
deflate as warranted [Algorithm 2]
find splits, if any [Algorithm 3]
if (ly—1 > 1072 and /,_» > 1072) then

[l1,uy, fail] = dqds(I(top : n), u(top : n),0)

if fail then
[l1,uq, shift, fail] = recover(l(top
end if
else
sum=l_1 + (Up—1 + un)
prod = uy_jup

[l1,uy, fail] = 3dqds(I(top : n), u(top :

if fail then
[l1,u1, shift, fail] = recover(l(top
end if
end if
if fail then
return “too many failures, no convergence.”
end if
=11, u=u
acshift=acshift+shift
its=its+l
end while

> code works on submatrix top : n

> vector split saves all active top’s

> index for split

> number of iterations

> maximum number of iterations

> accumulated shift; simple dqds is not restoring

> vectors [ and u for J = LU

> code should mantain top + 1 < n

> deflation may reduce n

> splits may increase rop

> entries at the bottom are not small

> simple dqds with zero shift

> fail is aboolean for failure
:n),u(top : n)) [Algorithm 4]

n), sum, prod) > triple dqds

:n),u(top : n), sum, prod)

> update accumulated shift
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Algorithm 2 deflation body

> deflate as warranted; deflation may reduce n

tol = 10¢ > tolerance for deflation; & = roundoff unit
repeat
if criteriay«o then > deflation 2 x 2 criteria (9.8) and (9.9)
ssum = (l—1 + (up—1 +uy))/2
aisc = (U1 + (n_1 — u))/2)* + tnly_ > discriminant
t = 4/|disc|
if disc < 0 then > complex conjugate pair
X] = ssum+ it
Xp = ssum — it > no use of complex arithmetic
else if ssum == 0 then > real pair
x|y =t
Xy = —t1
else
x] = sign(ssum) * (|ssum| + 1) > no subtractions
X2 = Up—1Un/X]
end if
eigvals([n — 1,n]) = [x1,x2] + acshift > eigvals stores the eigenvalues
n=n-—2
else if criteriaj x| then > deflation 1 x 1 criteria (6.1) — (6.4)
eigvals(n) = acshift u, + acshift
n=n-—1
end if

until deflation criteria not met

Algorithm 3 splitting body

> find splits, if any, define top after a split
tol = 10¢ > tolerance for splitting; ¢ = roundoff unit

if n > top + 2 then

k=n-3

while (k > top and criteriagyi; not met) do > splitting criteria (9.6) and (9.7)
k=k—1

end while

if kK > top then > there is a split

indsplit = indsplit +1
split(indsplit) = top

Iy =acshift > [ saves accumulated shift of the previous segment
top=k+1
end if > if the condition for splitting is not met, there is nothing to do
end if
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Algorithm 4 recover

Input: vectors I, u, real sum, prod (or vectors I, u)
Output: vectors I, uy, real shift, boolean fail

§=./¢ > shift increment; ¢ = roundoff unit
if nargin == 2 then > nargin = number of input arguments
simple = true > failure in dgqds with zero shift
sum =§ > sum and prod for 3dqds
prod =34
shift =0 > in case of successive failures
else
simple = false > failure in 3dqds
shift =u, > shift for simple dqds
end if
fail=true > boolean for failure
nfail =0 > number of failures
maxfail = 10n > maximum number of failures allowed
while (f ail and nfail <maxfai l) do > increase shift and reverse choice of transform

if simple then
sum = sum(1l + §)
prod = prod(l + 5)2
[l1,uq, fail] = 3dqds(l, u, sum, prod) > switch to 3dqds
simple = false
if fail==false then > successful recovery with 3dqds
shift =0
end if
else
shift =shift+$§
[l1,uy, fail]l = dqds(l, u, shift) > switch to simple dqds
simple = true
end if
nfail=nfail+l
end while > after a failure the oposite transform is used next
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Algorithm 5 initial LU factorization

Input: vectors a, b, ¢ > LU factorization of tridiag(b, a, ¢) in J form
Output: vectors [, u, real shift, boolean fail

nfail =0 > number of failures
maxfail = 10n > maximum number of failures allowed
b=0b-x*c > element-wise product; off-diagonal of J
delta = min (1 /2,2 x min(abs(a(a~ = 0)))) > shift increment in case of failure

> one eight of the minimum nonzero diagonal element

shift =0 > in case of failure take J — shift -1 = LU
[l,u, fail] = LUfact(a, b, shift) [Algorithm 6] > LU factorization of J
while (fail and nfail <maxfail)do

nfail=nfail+l

shift = shift +delta > after a failure the shift is increased
[l,u, fail] = LUfact(a, b, shift)
end while

if fail then
return “Too many failures, no initial factorization.”
end if

Algorithm 6 LUfact

Input: vectors a, b, real shift > LU factorization of J = tridiag(b, a, 1) without pivoting
Output: vectors /, u, boolean fail

tolg=1/¢ > tolerance for element growth; ¢ = roundoff unit
fail=false > boolean for failure
u(l) =a(l)

fori=1:n—1do
1) = b@i)/u(i)
ui@i+1)=a@+1)—10)
end for

if (any(isnan([l ,u])) or any(abs([l,u])) >tolg ) then > checking for element growth
fail=true
end if
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