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The Symmetric Eigenproblem and
Singular Value Decomposition

5.1. Introduction

We discuss perturbation theory (in section 5.2), algorithms (in sections 5.3
and 5.4), and applications (in section 5.5 and elsewhere) of the symmetric
eigenvalue problem. We also discuss its close relative, the SVD. Since the

T
% ] and the SVD of A

are very simply related (see Theorem 3.3), most of the perturbation theorems
and algorithms for the symmetric eigenproblem extend to the SVD.

As discussed at the beginning of Chapter 4, one can roughly divide the
algorithms for the symmetric eigenproblem (and SVD) into two groups: direct
methods and iterative methods. This chapter considers only direct methods,
which are intended to compute all (or a selected subset) of the eigenvalues
and (optionally) eigenvectors, costing O(n?) operations for dense matrices.
Iterative methods are discussed in Chapter 7.

eigendecomposition of the symmetric matrix H = |

Since there has been a great deal of recent progress in algorithms and
applications of symmetric eigenproblems, we will highlight three examples:

e A high-speed algorithm for the symmetric eigenproblem based on divide-
and-conquer is discussed in section 5.3.3. This is the fastest available
algorithm for finding all eigenvalues and all eigenvectors of a large dense
or banded symmetric matrix (or the SVD of a general matrix). It is sig-

nificantly faster than the previous “workhorse” algorithm, QR iteration.
16

e High-accuracy algorithms based on the dqds and Jacobi algorithms are
discussed in sections 5.2.1, 5.4.2, and 5.4.3. These algorithms can find

%There is yet more recent work [199, 201] on an algorithm based on inverse iteration
(Algorithm 4.2), which may provide a still faster and more accurate algorithm. But as of
September 1996 the theory and software were still under development.

195
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tiny eigenvalues (or singular values) more accurately than alternative
algorithms like divide-and-conquer, although sometimes more slowly.

e Section 5.5 discusses a “nonlinear” vibrating system, described by a dif-
ferential equation called the Toda flow. Its continuous solution is closely
related to the intermediate steps of the QR algorithm for the symmetric
eigenproblem.

Following Chapter 4, we will continue to use a vibrating mass-spring system
as a running example to illustrate features of the symmetric eigenproblem.

EXAMPLE 5.1. Symmetric eigenvalue problems often arise in analyzing me-
chanical vibrations. Example 4.1 presented one such example in detail; we will
use notation from that example, so the reader is advised to review it now. To
make the problem in Example 4.1 symmetric, we need to assume that there is
no damping, so the differential equations of motion of the mass-spring system
become M (t) = —Kx(t), where M = diag(mq,...,m,) and

[ k1 +ky ko
—ky kot ks —ks
—kn—l knfl + kn _kn
- _kn kn -
Since M is nonsingular, we can rewrite this as i(t) = —M 1 Kx(t). If we seek

solutions of the form z(t) = €x(0), then we get €''y2x(0) = —M 1 Ke2(0),
or M~1Kx(0) = —~%x(0). In other words, —7? is an eigenvalue and x(0) is
an eigenvector of M~'K. Now M 'K is not generally symmetric, but we

can make it symmetric as follows. Define M1/2 = diag(m}/Q, e ,m}L/Q), and
multiply M~1Kz(0) = —y2z(0) by M'/? on both sides to get

M™Y2K(0) = M~YV2K(MY2MY?)2(0) = —y2MY22(0)

or Ki = —~2%, where & = MY22(0) and K = M~Y2KM~/2_ It is easy to
see that

k1+ko —ko T
mi /mimso
—ko ko+ks —ks3
Vmima mo v/mams3
K= . .
*kn—l kn—1+kn 7]6”
\/mn—an—l Mp—1 \/mn—lmn
—ky, kn

L VMn—1Mn mn a

is symmetric. Thus each eigenvalue —+? of K is real, and each eigenvector
& = M'/22(0) of K is orthogonal to the others.
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In fact, K is a tridiagonal matrix, a special form to which any symmetric
matrix can be reduced, using Algorithm 4.6, specialized to symmetric matrices
as described in section 4.4.7. Most of the algorithms in section 5.3 for finding
the eigenvalues and eigenvectors of a symmetric matrix assume that the matrix
has initially been reduced to tridiagonal form.

There is another way to express the solution to this mechanical vibra-
tion problem, using the SVD. Define Kp = diag(ky,...,k,) and K1D/2 =

diag(k:i/Q,. . k}/Q). Then K can be factored as K = BKpB”, where

-1
1

as can be confirmed by a small calculation. Thus

K = M Y2KkMm1?

— M Y?BKp,BTM/?

_ (M*1/2BK£/2) ) (KE/QBTMA/Q)

_ (Mfl/zBKgQ) . (M—l/QBKlD/Z)T

= GGT. (5.1)

Therefore the singular values of G = M~/ 2BK%)/ % are the square roots of the
eigenvalues of K, and the left singular vectors of G are the eigenvectors of K,
as shown in Theorem 3.3. Note that G is nonzero only on the main diagonal
and on the first superdiagonal. Such matrices are called bidiagonal, and most
algorithms for the SVD begin by reducing the matrix to bidiagonal form, using
the algorithm in section 4.4.7.

Note that the factorization K = GGT implies that K is positive definite,
since G is nonsingular. Therefore the eigenvalues —y? of K are all positive.
Thus +y is pure imaginary, and the solutions of the original differential equation
z(t) = ’x(0) are oscillatory with frequency ||

For a Matlab solution of a vibrating mass-spring system, see
HOMEPAGE/Matlab/massspring.m. For a Matlab animation of the vibra-
tions of a similar physical system, see demo/continue/fun-extras/miscellaneous/
bending. ¢

5.2. Perturbation Theory

Suppose that A is symmetric, with eigenvalues a3 > --- > a,, and corre-
sponding unit eigenvectors qi,...,q,. Suppose E is also symmetric, and let
A= A+ E have perturbed eigenvalues &; > --- > &, and corresponding per-
turbed eigenvectors §i, ..., {J,. The major goal of this section is to bound the
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differences between the eigenvalues «; and &;, and between the eigenvectors g;
and ¢; in terms of the “size” of E. Most of our bounds will use || E||2 as the size
of E, except for section 5.2.1, which discusses “relative” perturbation theory.

We already derived our first perturbation bound for eigenvalues in Chap-
ter 4, where we proved Corollary 4.1: Let A be symmetric with eigenvalues
Q1 > - > ap. Let A+ E be symmetric with eigenvalues &y > -+ > Gn. If o
is simple, then |o; — &;| < ||E|l2 + O(||E|3).

This result is weak because it assumes «; has multiplicity one, and it is
useful only for sufficiently small ||F||2. The next theorem eliminates both
weaknesses.

THEOREM 5.1. Weyl. Let A and E be n-by-n symmetric matrices. Let oy >

- > ap be the eigenvalues of A and &y > -+ > Gy be the eigenvalues of

COROLLARY 5.1. Let G and F' be arbitrary matrices (of the same size) where
o1 > -+ > 0, are the singular values of G and 0'1 > ... > o) are the singular

values of G+ F. Then |o; — of| < ||F||2-

We can use Weyl’s theorem to get error bounds for the eigenvalues com-
puted by any backward stable algorithm, such as QR iteration: Such an algo-
rithm computes eigenvalues &; that are the exact eigenvalues of A=A+ E
where || E||2 = O(¢)||A||2. Therefore, their errors can be bounded by |a; —é&;| <
| Ell2 = O(¢)||Al|2 = O(e) max; |oj|. This is a very satisfactory error bound, es-
pecially for large eigenvalues (those a; near || Al|2 in magnitude), since they will
be computed with most of their digits correct. Small eigenvalues (|a;| < || A]|2)
may have fewer correct digits (but see section 5.2.1).

We will prove Weyl’s theorem using another useful classical result: the
Courant—Fischer minimax theorem. To state this theorem we need to intro-
duce the Rayleigh quotient, which will also play an important role in several
algorithms, such as Algorithm 5.1.

DEFINITION 5.1. The Rayleigh quotient of a symmetric matriz A and nonzero
vector u is p(u, A) = (u” Au)/(u"u).

Here are some simple but important properties of p(u, A). First, p(yu, A) =
p(u, A) for any nonzero scalar . Second, if Ag; = «;q;, then p(g;, A) = .
More generally, suppose QT AQ = A = diag(«;) is the eigendecomposition of
A, with @ = [q1,...,¢s]). Expand u in the basis of eigenvectors ¢; as follows:
u=Q(QTu) = Q¢ =Y, ¢;&. Then we can write

_ETQTAQE €A Y, i

£rQTQ¢ £r¢ > &
In other words, p(u, A) is a weighted average of the eigenvalues of A. Its largest
value, max,—g p(u, A), occurs for u = q; (£ = e1) and equals p(q1,A) = .

p(u, A)
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Its smallest value, min,—g p(u, A), occurs for u = ¢, (§ = e,) and equals
p(qn, A) = . Together, these facts imply

max [p(u, A)| = max(|ai], |an]) = [|A]2- (5.2)
THEOREM 5.2. Courant—Fischer minimax theorem. Let oy > --- > a, be
eigenvalues of the symmetric matrix A and q1, . . ., q, be the corresponding unit
etgenvectors.
i A)=a; = mi A).
e MO L P SR

The mazimum in the first expression for a; is over all j dimensional sub-
spaces R7 of R™, and the subsequent minimum is over all nonzero vectors r in
the subspace. The maximum is attained for R/ = span(qi, qo, . - . ,q5), and a
mANImizing r is r = q;.

The minimum in the second expression for oj is over all (n — j + 1)-
dimensional subspaces S*I11 of R™, and the subsequent mazimum is over all
nonzero vectors s in the subspace. The minimum is attained for S"—I+1 =
span(qj, ¢j+1,---,qn), and a maximizing s is s = q;.

EXAMPLE 5.2. Let j = 1, so a; is the largest eigenvalue. Given R, p(r, A)
is the same for all nonzero r € R!, since all such r are scalar multiples of one
another. Thus the first expression for «; simplifies to a1 = max,—g p(r, A).
Similarly, since n — j + 1 = n, the only subspace S* 7! is R”, the whole
space. Then the second expression for a; also simplies to a1 = maxs—g p(s, A).

One can similarly show that the theorem simplifies to the following expres-
sion for the smallest eigenvalue: «;,, = min,—g p(r, 4). ©

Proof of the Courant-Fischer minimax theorem. Choose any subspaces R7
and S"J*! of the indicated dimensions. Since the sum of their dimensions

j+(n—j4+1) = n+1 exceeds n, there must be a nonzero vector rrs €
R7 N S"I*. Thus

min p(r,A) < p(rrs, 4) < max s, A).
Join p(r,A) < plers, A) < | max  p(s, 4)

Now choose R? to maximize the expression on the left, and choose Sn—itl to
minimize the expression on the right. Then

max min p(r,A) = min p(r, A) (5.3)
R/ 0=reRJ 0=reRJ
p(rgg, A)

max  p(s, A)
0=se§n—i+1

VARVA

min max  p(s, A).
Sn—i+1 0=scSn—i+1
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To see that all these inequalities are actually equalities, we exhibit partic-
ular R/ and S"~7+! that make the lower bound equal the upper bound. First
choose R’ = span(qu,...,q;), so that

max min r,A) > min r, A
RJ 0=rcRJ p( ’ ) T 0=reR/ p( ’ )
= min p(r, A
OZT:ZZSJ' §iqi ( ’ )
= min —Zigj Sai =q;
some &;=0 Zigj 512 J

Next choose S" /! = span(qg;, ..., q,) so that

min max s, A) < max s, A
S g, P A) S e pe A

= max p(s, A
0:5:212]' §igi ( )

Zigj fizai

= max ———55 — (4.
some &;=0 Zizj 512 J

Thus, the lower and upper bounds are sandwiched between «; below and
a; above, so they must all equal o as desired. O

ExaMPLE 5.3. Figure 5.1 illustrates this theorem graphically for 3-by-3 ma-
trices. Since p(u/||lu||2, A) = p(u, A), we can think of p(u, A) as a function on
the unit sphere ||ulj2 = 1. Figure 5.1 shows a contour plot of this function on
the unit sphere for A = diag(1,.25,0). For this simple matrix ¢; = e;, the ith
column of the identity matrix. The figure is symmetric about the origin since
p(u, A) = p(—u, A). The small red circles near +¢; surround the global maxi-
mum p(+q;, A) = 1, and the small green circles near +¢3 surround the global
minimum p(+q3, A) = 0. The two great circles are contours for p(u, A) = .25,
the second eigenvalue. Within the two narrow (green) “apple slices” defined
by the great circles, p(u, A) < .25, and within the wide (red) apple slices,
p(u, A) > .25.

Let us interpret the minimax theorem in terms of this figure. Choosing
a space R? is equivalent to choosing a great circle C; every point on C' lies
within R?, and R? consists of all scalar multiplicatons of the vectors in C.
Thus ming_,cr2 p(r, A) = min,cc p(r, A). There are four cases to consider to
compute min,ec p(r, A):

1. C does not go through the intersection points +¢2 of the two great circles
in Figure 5.1. Then C clearly must intersect both a narrow green apple
slice (as well as a wide red apple slice), so min,c¢ p(r, 4) < .25.

2. C does go through the two intersection points ¢ and otherwise lies in
the narrow green apple slices. Then min,cc p(r, A) < .25.



The Symmetric Eigenproblem and SVD 201

Transparent Opaque

Fig. 5.1. Contour plot of the Rayleigh quotient on the unit sphere.

3. C does go through the two intersection points +¢2 and otherwise lies
in the wide red apple slices. Then min,cc p(r, A) = .25, attained for
r= :l:q2.

4. C coincides with one of the two great circles. Then p(r, A) = .25 for all
recC.

The minimax theorem says that ap = .25 is the maximum of min,cc p(r, A)
over all choices of great circle C'. This maximum is attained in cases 3 and
4 above. In particular, for C' bisecting the wide red apple slices (case 3),
R? = span(q1, q2).

Software to draw contour plots like those in Figure 5.1 for an
arbitrary 3-by-3 symmetric matrix may be found at
HOMEPAGE/Matlab/RayleighContour.m. <

Finally, we can present the proof of Weyl’s theorem.

. . u(A+ E)u .
&; = min max — by the minimax theorem
sr-itto=uesr—it1  ulu
. wl'Au  uTEu
= min max = =
sn—it1 g=uesn—it+1 \ ulu ulu
T
. ut Au .
<  min max 7 + [ E]l2 by equation (5.2)
Sn—i+l =yeSn—i+1 u-u
= a;+ ||E|2 by the minimax theorem again.

Reversing the roles of A and A + E, we also get o < &; + || E||2. Together,
these two inequalities complete the proof of Weyl’s theorem. O

A theorem closely related to the Courant—Fischer minimax theorem, one
that we will need later to justify the Bisection algorithm in section 5.3.4, is
Sylvester’s theorem of inertia.
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DEFINITION 5.2. The inertia of a symmetric matriz A is the triple of integers
Inertia(A) = (v, ¢, ), where v is the number of negative eigenvalues of A, ¢ is
the number of zero eigenvalues of A, and  is the number of positive eigenvalues

of A.

If X is orthogonal, then X7 AX and A are similar and so have the same
eigenvalues. When X is only nonsingular, we say X7 AX and A are congruent.
In this case X7 AX will generally not have the same eigenvalues as A, but the
next theorem tells us that the two sets of eigenvalues will at least have the
same signs.

THEOREM 5.3. (Sylvester’s Inertia Theorem.) Let A be symmetric and
X be nonsingular. Then A and XTAX have the same inertia.

Proof. Let n be the dimension of A. Now suppose that A has v negative
eigenvalues but that X7 AX has v/ < v negative eigenvalues; we will find a
contradiction to prove that this cannot happen. Let N be the corresponding
v dimensional negative eigenspace of A; i.e., N is spanned by the eigenvectors
of the v negative eigenvalues of A. This means that for any nonzero x € N,
2TAr < 0. Let P be the (n — v/)-dimensional nonnegative eigenspace of
XTAX; this means that for any nonzero 2 € P, x"XTAXz > 0. Since X
is nonsingular, the space XP is also n — ¢/ dimensional. Since dim(N) +
dim(XP) = v+ n — v/ > n, the spaces N and XP must contain a nonzero
vector z in their intersection. But then 0 > 27 Az since z € N and 0 < 2T Az
since € XP, which is a contradiction. Therefore, v = 1/; i.e., A and XTAX
have the same number of negative eigenvalues. An analogous argument shows
they have the same number of positive eigenvalues. Thus, they must also have
the same number of zero eigenvalues. O

Now we consider how eigenvectors can change under perturbations of A+ FE
of A. To state our bound we need to define the gap in the spectrum.

DEFINITION 5.3. Let A have eigenvalues oy > -+ > «y,. Then the gap between
an eigenvalue «; and the rest of the spectrum is defined to be gap(i, A) =
min;—; |a; — oy|. We will also write gap(i) if A is understood from the context.

The basic result is that the sensitivity of an eigenvector depends on the gap
of its corresponding eigenvalue: a small gap implies a sensitive eigenvector.

€

EXAMPM354.Lau4:[1+y l]amiA+45:[1tg 1

Thus gap(i, A) = g ~ gap(i, A+ E) for i = 1,2. The eigenvectors of A are
just g1 = e; and ¢o = e3. A small computation reveals that the eigenvectors
of A+ FE are

], where 0 < e < g.

2
2
1y /1+ ()
2

g

Q=08

Q

Qm =
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2

£
Go = (3 - 2 ~ 9 |,
20 1+ 1+(%) {1}

where 5 ~ 1/2 is a normalization factor. We see that the angle between the
perturbed vectors ¢; and unperturbed vectors ¢; equals €/g to first order in .
So the angle is proportional to the reciprocal of the gap g. ¢

The general case is essentially the same as the 2-by-2 case just analyzed.

THEOREM 5.4. Let A = QAQT = Qdiag(a;)QT be an eigendecomposition of
A Lt A+ E = A = QAQT be the perturbed eigendecomposition. Write
Q=|q,...,q,] and Q= [G1,-.-,qn], where q; and §; are the unperturbed and
perturbed unit eigenvectors, respectively. Let 0 denote the acute angle between
q; and §;. Then

1 E
3 sin 20 < ga|1|)(i’,‘2A)7 provided that gap(i, A) > 0.
Similarly
1 E
3 sin 20 < gap(!,/’l‘z—i—E)’ provided that gap(i, A+ E) > 0.

Note that when 0 < 1, then 1/2sin260 ~sinf ~ 6.

The attraction of stating the bound in terms of gap(i, A + E), as well as
gap(i, A), is that frequently we know only the eigenvalues of A+ E, since they
are typically the output of the eigenvalue algorithm that we have used. In
this case it is straightforward to evaluate gap(i, A + F), whereas we can only
estimate gap(i, A).

When the first upper bound exceeds 1/2, i.e., ||El|l2 > gap(i, A)/2, the
bound reduces to sin26 < 1, which provides no information about 6. Here
is why we cannot bound 6 in this situation: If F is this large, then A + E’s
eigenvalue &; could be sufficiently far from «; for A + E to have a multiple
eigenvalue at «;. For example, consider A = diag(2,0) and A+ E = I. But
such an A + E does not have a unique eigenvector ¢;; indeed, A + E = I has
any vector as an eigenvector. Thus, it makes no sense to try to bound 6. The
same considerations apply when the second upper bound exceeds 1/2.

Proof. 1t suffices to prove the first upper bound, because the second one
follows by considering A+ E' as the unperturbed matrix and A = (A+ E)— FE
as the perturbed matrix.

Let g; + d be an eigenvector of A + E. To make d unique, we impose the
restriction that it be orthogonal to ¢; (written d L ¢;) as shown below. Note
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that this means that g; +d is not a unit vector, so ¢; = (¢; +d)/|/¢; +d||2. Then
tan @ = ||d||2 and sec = ||¢; + d||2.

qj +d
d
0
-
di
Now write the ith column of (A + E)Q = QA as
(A+ E)(q; +d) = qi(g; + d), (5.4)

where we have also multiplied each side by |lg; + d||2. Define n = &; — «;.
Subtract Ag; = a;q; from both sides of (5.4) and rearrange to get

(4 — asT)d = (n] — E)(gs + d). (5.5)
Since ¢! (A — oy I) = 0, both sides of (5.5) are orthogonal to g;. This lets us

write z = (n] — E)(gi+d) = 3_;_; (j¢; and d =}, _, 0;q;. Since (A—a;l)g; =
(0 — 04)qj, we can write

(A—ail)d= Z(Oéj —a;)djq; = Z Gg; = (0l — E)(qi + d)

or
_ _ G
SPILLED Dyl
j=t j=t
Thus
tanf = ||d||2
_ S
= 1Y
j=t
J\ /2
= Z (C—]> since the g; are orthonormal
— \ aj —
Jj=i
1/2
< 1. 242 since gap(i, A) is the
gap(i, A) \ &=~/ smallest denominator
Jj=i
1212
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If we were to use Weyl’s theorem and the triangle inequality to bound | z||2
(I1E]l2 + Inl) - |lg: + d|l2 < 2||E||2secf, then we could conclude that sin @
2||E||2/gap(i, A).

But we can do a little better than this by bounding ||z||2 = ||(n] — E)(q; +
d)|l2 more carefully: Multiply (5.4) by g/ on both sides, cancel terms, and
rearrange to get n = ¢ E(g; + d). Thus

<
<

2 = (a+dn—E(g+d) = (g +d)q E(g+d) — E(q + d)
= (¢ +d)g] —I)E(g; + d),

and so ||z]l2 < [|(gi+d)g] —I|[-||E]l2-|gi+d||. We claim that [|(g;+d)gf — 1|2 =
@i + d||2 (see Question 5.7). Thus ||z]|2 < ||gi + d||3 - || E||2, so

tang < Wlz_ _ llas+dI3IElz _ sec?d- | Ello

gap(i, A) = gap(i, A) gap(i, A)

or
|Bll, . tand

gap(i, A) ~ sec?6

1
=sgsinfcosf = §sin29

as desired. O

An analogous theorem can be proven for singular vectors (see Question 5.8).

The Rayleigh quotient has other nice properties. The next theorem tells us
that the Rayleigh quotient is a “best approximation” to an eigenvalue in a nat-
ural sense. This is the basis of the Rayleigh quotient iteration in section 5.3.2
and the iterative algorithms in Chapter 7. It may also be used to evaluate the
accuracy of an approximate eigenpair obtained in any way at all, not just by
the algorithms discussed here.

THEOREM 5.5. Let A be symmetric, x be a unit vector, and 8 be a scalar.
Then A has an eigenpair Aq; = «;q; satisfying |a; — G| < ||Azx — Bz|l2. Given
x, the choice B = p(x, A) minimizes ||Ax — [z||2.

With a little more information about the spectrum of A, we can get tighter
bounds. Letr = Ax—p(x, A)x. Let o be the eigenvalue of A closest to p(x, A).
Let gap’ = min;—; |oj — p(x, A)|; this is a variation on the gap defined earlier.
Let 0 be the acute angle between x and q;. Then

sinf < m
gap’

. (5.6)

and )
i3

|C¥i - p(xﬁA)‘ < gap/'

(5.7)
See Theorem 7.1 for a generalization of this result to a set of eigenvalues.
Notice that in equation (5.7) the difference between the Rayleigh quotient

p(x, A) and an eigenvalue «; is proportional to the square of the residual norm
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||7]l2. This high accuracy is the basis of the cubic convergence of the Rayleigh
quotient iteration algorithm of section 5.3.2.
Proof. We prove only the first result and leave the others for questions 5.9
and 5.10 at the end of the chapter.

If G is an eigenvalue of A, the result is immediate. So assume instead that
A — BI is nonsingular. Then z = (A — 8I)~Y(A — BI)z and

1= Jzfz < I(A = BD 7 2 - (A = BI)z]2.

Writing A’s eigendecomposition as A = QAQT = Qdiag(ay,...,a,)QT, we
get

I(A=BD) 2 = IR = B)T'Q" [l = [I(A = BI) 7|2 = 1/ min |a; — 3],

so min; |a; — B < ||(A — BI)x||2 as desired.

To show that 8 = p(z, A) minimizes ||Ax — fz||2 we will show that z is
orthogonal to Az — p(x, A)z so that applying the Pythagorean theorem to the
sum of orthogonal vectors

Ax — B = [Az — pla, A)a] + [(p(a, A) — B)a]
yields

lAz - Bz(3 = | Az — p(z, A)zll3 + || (p(z, 4) - B)z|13
> || Az — p(z, A)z|3

with equality only when 8 = p(z, A).
To confirm orthogonality of x and Az — p(z, A)xz we need to verify that

T
' w

z) =zl Az — :L'TAxT =0
Tz

(xT Ax)

T

T(Az — p(z, A)z) = 27 (Az —
o (Az = p(z, A)z) = 2" (Az — —7—

as desired. O

EXAMPLE 5.5. We illustrate Theorem 5.5 using a matrix from Example 5.4.

Let A= 11_9 i ], where 0 < € < g. Let x = [1,0]” and 8 = p(z, A) = 1 +g.

Then 7 = Az — Bx = [0,¢]T and ||r|2 = e. The eigenvalues of A are a1 =
L+44+(14( %)2)1/ 2 and the eigenvectors are given in Example 5.4 (where
the matrix is called A + E instead of A).

Theorem 5.5 predicts that ||Az—z||2 = ||r||2 = € is a bound on the distance
from 6 = 1+ g to the nearest eigenvalue o, of A; this is also predicted by
Weyl’s theorem (Theorem ‘5.1). We will see below that this bound is much
looser than bound (5.7).

When e is much smaller than g, there will be one eigenvalue near 1 4 g
with its eigenvector near x and another eigenvalue near 1 with its eigenvector
near [0,1]7. This means gap’ = |a_ — p(z, A)| = $(1 + (1 + (%)2)1/2), and
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so bound (5.6) implies that the angle § between x and the true eigenvector is
bounded by

ing ol 2/

gap’ 1+ (14 (2)2)1/2

Comparing with the explicit eigenvectors in Example 5.4, we see that the upper
bound is actually equal to tan #, which is nearly the same as sin @ for tiny 6.
So bound (5.6) is quite accurate.

Now consider bound (5.7) on the difference |3 — ay|. It turns out that for
this 2-by-2 example both |3 — a4 | and its bound are ezactly equal to

I3 _ 2¢/g

;€ 2e\2\1/2
gap L+ (1+ (F)HY

Let us evaluate these bounds in the special case where g = 1072 and
e = 107°. Then the eigenvalues of A are approximately oy = 1.01000001 =
1.01 +107% and a_ = .99999999 = 1 — 108, The first bound is |8 — a4 | <
|7|l2 = 1072, which is 103 times larger than the actual error 10=%. In contrast,
bound (5.7) is |3 — ay| < ||r]|3/gap’ = (107)2/(1.01 — a_) ~ 1078, which is
tight. The actual angle 8 between x and the true eigenvector for o is about
1073, as is the bound ||r|j2/gap’ = 107°/(1.01 —a_) = 1073. o

Finally, we discuss what happens when one has a group of k tightly clus-
tered eigenvalues, and wants to compute their eigenvectors. By “tightly clus-
tered” we mean that the gap between any eigenvalue in the cluster and some
other eigenvalue in the cluster is small but that eigenvalues not in the clus-
ter are well separated. For example, one could have k = 20 eigenvalues in
the interval [.9999,1.0001], but all other eigenvalues might be greater than 2.
Then Theorems 5.4 and 5.5 indicate that we cannot hope to get the individual
eigenvectors accurately. However, it is possible to compute the k-dimensional
invariant subspace spanned by these vectors quite accurately. See [195] for
details.

5.2.1. Relative Perturbation Theory

This section describes tighter bounds on eigenvalues and eigenvectors than in
the last section. These bounds are needed to justify the high-accuracy algo-
rithms for computing singular values and eigenvalues described in sections 5.4.2
and 5.4.3.

To contrast the bounds that we will present here to those in the previous
section, let us consider the 1-by-1 case. Given a scalar «, a perturbed scalar
& = a+ e and a bound |e| < €, we can obviously bound the absolute error in
& by |& — a| < e. This was the approach taken in the last section. Consider
instead the perturbed scalar & = 2% and a bound |z? — 1| < e. This lets us
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bound the relative error in & by

&= al =z -1 <e

|al

We generalize this simple idea to matrices as follows. In the last section we

bounded the absolute difference in the eigenvalues «; of A and &; of A= A+E

by |&; — a;| < ||E||2. Here we will bound the relative difference between the
eigenvalues a; of A and G; of A = XTAX in terms of e = | XTX — I|s.

THEOREM 5.6. “Relative” Weyl. Let A have eigenvalues «; and A=XTAX
have eigenvalues &;. Let € = || XTX — I||a. Then |&; — a;| < |ayle. If a; = 0,
then we can also write .

|G — o

<e. (5.8)

(<71 —
Proof.  Since the ith eigenvalue of A — a;I is zero, Sylvester’s theorem of
inertia tells us that the same is true of

XTA-aDX = (XTAX —a;]) + a;(I - XTX)=H + F.

Weyl’s theorem says that [\;(H)—0| < ||F||2, or |&; —ay| < |ou]- | XTX 1]z =
lale. O

Note that when X is orthogonal, ¢ = | X7X — I|j; = 0, so the theorem
confirms that X7 AX and A have the same eigenvalues. If X is “nearly”
orthogonal, i.e., € is small, the theorem says the eigenvalue are nearly the
same, in the sense of relative error.

COROLLARY 5.2. Let G be an arbitrary matriz with singular values o;, and let
G =YTGX have singular values &;. Let € = max(||XTX — I||2, [|[YTY —I|2).
Then |6; — oi| < eo;. If 05 =0, then we can write
|6i — ail <e (5.9)
ogi
We can similarly extend Theorem 5.4 to bound the difference between
eigenvectors ¢; of A and eigenvectors §; of A = X7 AX. To do so, we need to
define the relative gap in the spectrum.

DEFINITION 5.4. The relative gap between an eigenvalue o; of A and the rest
loj —au|

of the spectrum is defined to be rel_gap(i, A) = min;_; A

THEOREM 5.7. Suppose that A has eigenvalues o; and corresponding unit eigen-
vectors q;. Suppose A = XTAX has etgenvalues &; and corresponding unit
eigenvectors G;. Let 0 be the acute angle between q; and §;. Let e; = ||I —
X"TX |y and ey = | X —I||2. Then provided that ¢; < 1 and rel gap(i, XTAX) >
0’

€1 1
1—¢ relgap(i, XTAX

1
§sin29§ ) + €2.
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Proof. Letn=d&; —a;, H=A— &I, and F = &;(I — X~TX~1). Note that
H+F=A-6XTXx1=XT(XTAX — ;)X L.

Thus Hg; = —ng; and (H + F)(X§;) = 0 so that X¢§; is an eigenvector of
H + F with eigenvalue 0. Let 8; be the acute angle between ¢; and X¢;. By
Theorem 5.4, we can bound

£l

L H T (5.10)

1

—sin 291 <

2
We have ||F||2 = |&ile1. Now gap(i, H + F)) is the magnitude of the small-
est nonzero eigenvalue of H + F. Since X7 (H + F)X = XTAX — &1 has
eigenvalues &; — &;, Theorem 5.6 tells us that the eigenvalues of H + F' lie in
intervals from (1 — €1)(&; — &;) to (1 + €1)(&; — &;). Thus gap(i, H + F) >
(1 —e1)gap(i, XTAX), and so substituting into (5.10) yields

€14 €1

1
—sin260; < = . 5.11
g AL = (1 —e1)gap(i, XTAX) (1 —ep)rel.gap(i, XTAX) (5:11)

Now let 03 be the acute angle between X¢§; and ¢ so that 0 < 61 + 0-.
Using trigonometry we can bound sinfy < [[(X —I)gi||2 < || X — I]|2 = €2, and
so by the triangle inequality (see Question 5.11)

1 1 1
3 sin20 < 5 sin 2601 + 3 sin 26,
1
< 3 sin 2607 + sin 0
< -

- +
(1 — e1)rel gap(i, XTAX) &
as desired. O
An analogous theorem can be proven for singular vectors [99].

EXAMPLE 5.6. We again consider the mass-spring system of Example 5.1 and
use it to show that bounds on eigenvalues provided by Weyl’s theorem (The-
orem 5.1) can be much worse (looser) than the “relative” version of Weyl’s
theorem (Theorem 5.6). We will also see that the eigenvector bound of Theo-
rem 5.7 can be much better (tighter) than the bound of Theorem 5.4.
Suppose that M = diag(1, 100, 10000) and Kp = diag(10000, 100, 1). Fol-
lowing Example 5.1, we define K = BKpB”T and K= M2 M~1/2 where
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and so
10100 —10
K=MYKMY2=] —-10 1.01 -.001
—.001 .0001

To five decimal places, the eigenvalues of K are 10100, 1.0001 and .00099.
Suppose we now perturb the masses (m;;) and spring constants (kp ;) by at
most 1% each. How much can the eigenvalues change? The largest matrix
entry is Kll, and changing mi; to .99 and kp 11 to 10100 will change Ku
to about 10305, a change of 205 in norm. Thus, Weyl’s theorem tells us
each eigenvalue could change by as much as £205, which would change the
smaller two eigenvalues utterly. The eigenvector bound from Theorem 5.4 also
indicates that the corresponding eigenvectors could change completely.

Now let us apply Theorem 5.6 to K, or actually Corollary 5.2 to G =
M’l/zBKlD/Q, where K = GGT as defined in Example 5.1. Changing each
mass by at most 1% is equivalent to perturbing G to XG, where X is diagonal
with diagonal entries between 1/\/@ ~ 1.005 and 1/4/1.01 =~ .995. Then
Corollary 5.2 tells us that the singular values of G can change only by factors
within the interval [.995, 1.005], so the eigenvalues of M can change only by
1% too. In other words, the smallest eigenvalue can change only in its second
decimal place, just like the largest eigenvalue. Similarly, changing the spring
constants by at most 1% is equivalent to changing G to GX, and again the
eigenvalues cannot change by more than 1%. If we perturb both M and Kp at
the same time, the eigenvalues will move by about 2%. Since the eigenvalues
differ so much in magnitude, their relative gaps are all quite large, and so their
eigenvectors can rotate only by about 3% in angle too.

For a different approach to relative error analysis, more suitable for matrices
arising from differential (“unbounded”) operators, see [159].

5.3. Algorithms for the Symmetric Eigenproblem

We discuss a variety of algorithms for the symmetric eigenproblem. As men-
tioned in the introduction, we will discuss only direct methods, leaving iterative
methods for Chapter 7.

In Chapter 4 on the nonsymmetric eigenproblem, the only algorithm that
we discussed was QR iteration, which could find all the eigenvalues and op-
tionally all the eigenvectors. We have many more algorithms available for the
symmetric eigenproblem, which offer us more flexibility and efficiency. For
example, the Bisection algorithm described below can be used to find only the
eigenvalues in a user-specified interval [a, b] and can do so much faster than it
could find all the eigenvalues.

All the algorithms below, except Rayleigh quotient iteration and Jacobi’s
method, assume that the matrix has first been reduced to tridiagonal form,
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using the variation of Algorithm 4.6 in section 4.4.7. This is an initial cost of
§n3 flops, or %ng flops if eigenvectors are also desired.

1. Tridiagonal QR iteration. This algorithm finds all the eigenvalues,
and optionally all the eigenvectors, of a symmetric tridiagonal matrix.
Implemented efficiently, it is currently the fastest practical method to
find all the eigenvalues of a symmetric tridiagonal matrix, taking O(n?)
flops. Since reducing a dense matrix to tridiagonal form costs §n3 flops,
O(n?) is negligible for large enough n. But for finding all the eigenvectors
as well, QR iteration takes a little over 6n3 flops on average and is only
the fastest algorithm for small matrices, up to about n = 25. This is
the algorithm underlying the Matlab command eig!'” and the LAPACK
routines ssyev (for dense matrices) and sstev (for tridiagonal matrices).

2. Rayleigh quotient iteration. This algorithm underlies QR iteration, but
we present it separately in order to more easily analyze its extremely
rapid convergence and because it may be used as an algorithm by itself.
In fact, it generally converges cubically (as does QR iteration), which
means that the number of correct digits asymptotically triples at each
step.

3. Divide-and-conquer. This is currently the fastest method to find all the
eigenvalues and eigenvectors of symmetric tridiagonal matrices larger
than n = 25. (The implementation in LAPACK, sstevd, defaults to
QR iteration for smaller matrices.)

In the worst case, divide-and-conquer requires O(n?3) flops, but in practice
the constant is quite small. Over a large set of random test cases, it
appears to take only O(n*?) flops on average, and as low as O(n?) for
some eigenvalue distributions.

In theory, divide-and-conquer could be implemented to run in O(n-log? n)
flops, where p is a small integer [129]. This super-fast implementation
uses the fast multipole method (FMM) [122], originally invented for the
completely different problem of computing the mutual forces on n elec-
trically charged particles. But the complexity of this super-fast imple-
mentation means that QR iteration is currently the algorithm of choice
for finding all eigenvalues, and divide-and-conquer without the FMM is
the method of choice for finding all eigenvalues and all eigenvectors.

4. Bisection and inverse iteration. Bisection may be used to find just a
subset of the eigenvalues of a symmetric tridiagonal matrix, say, those in
an interval [a,b] or [a;, o;—j;]. It needs only O(nk) flops, where k is the

"Matlab checks to see whether the argument of €ig is symmetric or not and uses the
symmetric algorithm when appropriate.
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number of eigenvalues desired. Thus Bisection can be much faster than
QR iteration when k < n, since QR iteration requires O(n?) flops. In-
verse iteration (Algorithm 4.2) can then be used to find the corresponding
eigenvectors. In the best case, when the eigenvalues are “well separated”
(we explain this more fully later), inverse iteration also costs only O(nk)
flops. This is much less than either QR or divide-and-conquer (with-
out the FMM), even when all eigenvalues and eigenvectors are desired
(k = n). But in the worst case, when many eigenvalues are clustered
close together, inverse iteration takes O(nk?) flops and does not even
guarantee the accuracy of the computed eigenvectors (although in prac-
tice it is almost always accurate). So divide-and-conquer and QR are
currently the algorithms of choice for finding all (or most) eigenvalues
and eigenvectors, especially when eigenvalues may be clustered. Bisec-
tion and inverse iteration are available as options in the LAPACK routine
Ssyevx.

There is current research on inverse iteration addressing the problem of
close eigenvalues, which may make it the fastest method to find all the
eigenvectors eigenvectors (besides, theoretically, divide-and-conquer with
the FMM) [103, 201, 199, 174, 171, 173, 267]. However, software imple-

menting this improved version of inverse iteration is not yet available.

Jacobi’s method. This method is historically the oldest method for the
eigenproblem, dating to 1846. It is usually much slower than any of
the above methods, taking O(n?) flops with a large constant. But the
method remains interesting, because it is sometimes much more accurate
than the above methods. This is because Jacobi’s method is sometimes
capable of attaining the relative accuracy described in section 5.2.1 and
so can sometimes compute tiny eigenvalues much more accurately than
the previous methods [81]. We discuss the high-accuracy property of
Jacobi’s method in section 5.4.3, where we show how to compute the
SVD.

Subsequent sections describe these algorithms in more detail. Section 5.3.6

presents comparative performance results.

5.3.1. Tridiagonal QR Iteration

Recall that the QR algorithm for the nonsymmetric eigenproblem had two
phases:

1. Given A, use Algorithm 4.6 to find an orthogonal @ so that QAQT = H

is upper Hessenberg.
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2. Apply QR iteration to H (as described in section 4.4.8) to get a sequence
H = Hy,H, Hs,... of upper Hessenberg matrices converging to real
Schur form.

Our first algorithm for the symmetric eigenproblem is completely analogous
to this:

1. Given A = AT use the variation of Algorithm 4.6 in section 4.4.7 to find
an orthogonal Q so that QAQT = T is tridiagonal.

2. Apply QR iteration to T to get a sequence T = Ty, 11,75, ... of tridiag-
onal matrices converging to diagonal form.

We can see that QR iteration keeps all the T; tridiagonal by noting that
since QAQT is symmetric and upper Hessenberg, it must also be lower Hes-
senberg, i.e., tridiagonal. This keeps each QR iteration very inexpensive. An
operation count reveals the following:

1. Reducing A to symmetric tridiagonal form T costs %n?’ +O(n?) flops, or
8n3 + O(n?) flops if eigenvectors are also desired.

2. One tridiagonal QR iteration with a single shift (“bulge chasing”) costs
6n flops.

3. Finding all eigenvalues of T takes only 2 QR steps per eigenvalue on
average, for a total of 6n? flops.

4. Finding all eigenvalues and eigenvectors of T costs 6n® + O(n?) flops.
5. The total cost to find just the eigenvalues of A is %n3 + O(n?) flops.

6. The total cost to find all the eigenvalues and eigenvectors of A is 8%713 +
O(n?) flops.

We must still describe how the shifts are chosen to implement each QR
iteration. Denote the ith iterate by

ar by

bn—l
bn—1 an,

The simplest choice of shift would be o; = a,; this is the single shift QR
iteration discussed in section 4.4.8. It turns out to be cubically convergent for
almost all matrices, as shown in the next section. Unfortunately, examples
exist where it does not converge [195, p. 76|, so to get global convergence a
slightly more complicated shift strategy is needed: We let the shift o; be the

an—1 bn—l ]

b that is closest to a,. This is called Wilkinson’s

eigenvalue of |

shift.
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THEOREM 5.8. Wilkinson. QR iteration with Wilkinson’s shift is globally, and
at least linearly, convergent. It is asymptotically cubically convergent for almost
all matrices.

A proof of this theorem can be found in [195]. In LAPACK this routine
is available as ssyev. The inner loop of the algorithm can be organized more
efficiently when eigenvalues only are desired (ssterf; see also [102, 198]) than
when eigenvectors are also computed (ssteqr).

EXAMPLE 5.7. Here is an illustration of the convergence of tridiagonal QR
iteration, starting with the following tridiagonal matrix (diagonals only are
shown, in columns):

24929
1.263 1.263
196880
Ty = tridiag | —.82812 — 82812
48539
—3.1883 —3.1883
i — 91563 |

The following table shows the last offdiagonal entry of each Tj, the last diagonal
entry of each T;, and the difference between the last diagonal entry and its
ultimate value (the eigenvalue a@ ~ —3.54627). The cubic convergence of the
error to zero in the last column is evident.

‘ i 7-'1(473) Tl(474) 7-'1(4,4) — G
0 —3.1883 —.91563 2.6306
1 —5.7-1072 —3.5457 5.4-107*
2 —25-1007 —3.5463 1.2-10714
3 —6.1-107%% —3.5463 0
At this point
i 1.9871 T
77513 77513
1.7049
T3 = tridiag —1.7207 —1.7207 ,
64214
—6.1-10723 —6.1-10723
i —3.5463 ]

and we set the very tiny (4,3) and (3,4) entries to 0. This is called deflation
and is stable, perturbing 73 by only 6.1 - 10723 in norm. We now apply QR
iteration again to the leading 3-by-3 submatrix of T3, repeating the process to
get the other eigenvalues.
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5.3.2. Rayleigh Quotient Iteration

Recall from our analysis of QR iteration in section 4.4 that we are implicitly
doing inverse iteration at every step. We explore this more carefully when the
shift we choose to use in the inverse iteration is the Rayleigh quotient.

ALGORITHM 5.1. Rayleigh quotient iteration: Given xo with ||zo|l2 = 1, and
a user-supplied stopping tolerance tol, we iterate

2T Az

PO = p(xo,A) = ;CJOT—:EOO
1=0
repeat

yi = (A—pima D) toiq

zi = yi/ ||yill2

pPi = p(xivA)

t=1+1

until convergence (||Ax; — pizil|2 < tol)

When the stopping criterion is satisfied, Theorem 5.5 tells us that p; is
within tol of an eigenvalue of A.

If one uses the shift o; = a,,, in QR iteration and starts Rayleigh quotient
iteration with xg = [0,...,0,1]7, then the connection between QR and inverse
iteration discussed in section 4.4 can be used to show that the sequence of o;
and p; from the two algorithms are identical (see Question 5.13). In this case
we will prove that convergence is almost always cubic.

THEOREM 5.9. Rayleigh quotient iteration is locally cubically convergent; i.e.,
the number of correct digits triples at each step once the error is small enough
and the eigenvalue is simple.

Proof. We claim that it is enough to analyze the case when A is diagonal. To
see why, write QT AQ = A, where Q is the orthogonal matrix whose columns are
eigenvectors, and A = diag(aq,...,ay,) is the diagonal matrix of eigenvalues.
Now change variables in Rayleigh quotient iteration to &; = QT z; and ; =
QTy;. Then

= p(ii’ A)

T Ag. +TOT AO# T A7
pi = plai, A) = L2 = T 0 A0n _ T;l
(2

ale; — 27QTQ3;  2ld
and QJ; = (A — pil) ™' Q4 s0
Ji = QT(A—pi) 7' Qi; = (QTAQ — pil) i = (A — pil) .

Therefore, running Rayleigh quotient iteration with A and zq is equivalent
to running Rayleigh quotient iteration with A and Zy. Thus we will assume
without loss of generality that A = A is already diagonal, so the eigenvectors
of A are e;, the columns of the identity matrix.
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Suppose without loss of generality that z; is converging to e, so we can
write x; = e1 + d;, where ||d;||2 = € < 1. To prove cubic convergence, we need
to show that x;11 = ey + d;y1 with ||d;i1]|2 = O(€3).

We first note that

1= JUZT:EZ =(e1 + di)T(el +d;) =ele; +2eTd; + dZTdi =1+42d;; +¢€
so that d;; = —e?/2. Therefore
pi =zl Az; = (e1 + di)TAey +di) = el Aey + 2eT Ad; + dF Ad; = oy — 1,
where n = —2€?Adi — leAdi =€ — leAdi. We see that
7l < el + A2 sl2 < 20 A€, (5.12)

so pi = a1 — 1 = a1 + O(€?) is a very good approximation to the eigenvalue
aq.
Now we can write

yir1 = (A—pd) "'
_ Zi1 T2 zi 17
B 041—Pi7042—Pi7m704n—PJ
because (A — p;I)~" —diag( ! >
Qj — Pi
B (14 d; dio din r
B _041_Pi7a2_Pi7“.’an_Pi:|
because x; = e + d;
o (1—¢)2 dio din T
N n ’a2—a1+77""’04n—041+77}
because p; = a1 —n and dj; = —62/2
1—¢€%/2 dian
a n -2 (az—artm)
dinn g
(1—62/2)(06n—041+77)}

1—¢€%/2 s
= T/ . (61 +di+1)-

To bound ||di41]]2, we note that we can bound each denominator using
laj — a1 +n| > gap(1,A) — |n], so using (5.12) as well we get

|di||2|m|
1 —€2/2)(gap(1,A) — |n])

or [|dis1ll2 = O(€%). Finally, since z;11 = ey +dip1 = (e1 +dir1)/|ler + disa |2,
we see ||dir1l2 = O(e?) as well. O

2[[Af2€®
(1 —€?/2)(gap(1,A) — 2||Alle?)

Hdi—i—lHQ < ( <
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5.3.3. Divide-and-Conquer

This method is the fastest now available if you want all eigenvalues and eigen-
vectors of a tridiagonal matrix whose dimension is larger than about 25. (The
exact threshold depends on the computer.) It is quite subtle to implement in a
numerically stable way. Indeed, although this method was first introduced in
1981 [58], the “right” implementation was not discovered until 1992 [125, 129]).
This routine is available as LAPACK routines ssyevd for dense matrices and
sstevd for tridiagonal matrices. This routine uses divide-and-conquer for ma-
trices of dimension larger than 25 and automatically switches to QR iteration
for smaller matrices (or if eigenvalues only are desired).

We first discuss the overall structure of the algorithm, and leave numerical
details for later. Let

al b1
b1
am—1 bm—1
bin—1 Om b
T =
bin Am41  bmg1
bm+1
: bn—l
i bn-1  an i
- o b -
b1
m—1 bin—1
o bm—l am_bm
N am—i—l_bm bm+1
bm+1
. bn—l
L b1 an i
b | b,
+
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0
0
Z[r{f %]Mm- 1 [0,...,0,1,1,0,...,0];[7(;1%%bmw@
0
o |

Suppose that we have the eigendecompositions of 17 and Th: T; = QiAinT.
These will be computed recursively by this same algorithm. We relate the
eigenvalues of T to those of T} and 15 as follows.

_ [0 T
T = 0T } + b vv
[ Q1MQT 0 ] T
0 QM o
_ | @ 0 A [ @ O
= 0 Q _ As + buu 0 %w ,
where i
S Tef o [ last column of QT
1 0 QT | " | first column of QF
since v = [0,...,0,1,1,0,...,0]7. Therefore, the eigenvalues of T" are the same

/})1 /?2 | is diagonal,

p = by, is a scalar, and u is a vector. Henceforth we will assume without loss
of generality that the diagonal dy,...,d, of D is sorted: d, < --- <dj.

To find the eigenvalues of D+ puu’, assume first that D — I is nonsingular,
and compute the characteristic polynomial as follows:

as those of the similar matrix D + puu? where D = |

det(D + puu® — XI) = det((D — XI)(I + p(D — \) " tuul)). (5.13)

Since D — Al is nonsingular, det(I + p(D — A\)~!uu’) = 0 whenever X is an
eigenvalue. Note that I+ p(D — A\)"tuu® is the identity plus a rank-1 matrix;
the determinant of such a matrix is easy to compute:

LEMMA 5.1. If z and y are vectors, det(I + zy’) =1+ y' .

The proof is left to Question 5.14.
Therefore

u2

di — A

det(I+p(D—N)"tuu®) = 14 pu (D—N)"tu = 1+pzn: = f(N), (5.14)
i=1
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and the eigenvalues of T" are the roots of the so-called secular equation f(X) = 0.
If all d; are distinct and all u; = 0 (the generic case), the function f(A) has
the graph shown in Figure 5.2 (for n = 4 and p > 0).

As we can see, the line y = 1 is a horizontal asymptote, and the lines
A = d; are vertical asymptotes. Since f'(X\) =p> ", ﬁ > 0, the function
is strictly increasing except at A\ = d;. Thus the roots of f(\) are interlaced
by the d;, and there is one more root to the right of d; (d; = 4 in Figure 5.2).
(If p < 0, then f(\) is decreasing and there is one more root to the left of d,,.)
Since f(A) is monotonic and smooth on the intervals (d;,d;11), it is possible
to find a version of Newton’s method that converges fast and monotonically
to each root, given a starting point in (d;,d;1+1). We discuss details later in
this section. All we need to know here is that in practice Newton converges
in a bounded number of steps per eigenvalue. Since evaluating f(\) and f/(\)
costs O(n) flops, finding one eigenvalue costs O(n) flops, and so finding all n
eigenvalues of D + puul costs O(n?) flops.

It is also easy to derive an expression for the eigenvectors of D + uu’.

LEMMA 5.2. If a is an eigenvalue of D+ puu®, then (D — o)~ 'u is its eigen-
vector. Since D — ol is diagonal, this costs O(n) flops to compute.

Proof.

(D + pun)[(D —al)" 2] = (D —al+al + puu?)(D — al) lu
= u+ (D —ol) tu+ulpu’ (D — o)t
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= utaD—aol) u—u
since pu” (D —al)tu+1= fla) =1
= a[(D—al) 'u] as desired. O

Evaluating this formula for all n eigenvectors costs O(n?) flops. Unfor-
tunately, this simple formula for the eigenvectors is not numerically stable,
because two very close values of «; can result in nonorthogonal computed
eigenvectors u;. Finding a stable alternative took over a decade from the orig-
inal formulation of this algorithm. We discuss details later in this section.

The overall algorithm is recursive.

ALGORITHM 5.2. Finding eigenvalues and eigenvectors of a symmetric tridi-
agonal matriz using divide-and-conquer:

proc dc_eig (T, Q,A) ..... from input T compute
outputs Q and A where T = QAQT

if T is 1-by-1
return Q =1,A =T
else
_ 0 T
form T = [ 0 T ] + bpvv

call de_eig (Th, Q1, A1)

call de_eig (To, Q2, A2)

form D + puu” from A1, Ay, Q1, Q2

find eigenvalues A and eigenvectors Q' of D + puu®

form Q = [ @ 0 } - Q' = eigenvectors of T
0 @
return Q and A
endif

We analyze the complexity of Algorithm 5.2 as follows. Let t(n) be the
number of flops to run dc_eig on an n-by-n matrix. Then

t(n) = 2t(n/2) for the 2 recursive calls to dc_eig(T;, Qq, A;)
+0(n?) to find the eigenvalues of D + puu’
+0(n?) to find the eigenvectors of D + puu’
+c-nd to multiply Q = [ @ 0 } Q.

0 Q2

If we treat QQ1, Q2, and Q' as dense matrices and use the standard matrix
multiplication algorithm, the constant in the last line is ¢ = 1. Thus we see
that the major cost in the algorithm is the matrix multiplication in the last
line. Ignoring the O(n?) terms, we get t(n) = 2t(n/2) + cn3. This geometric

sum can be evaluated, yielding t(n) ~ c%n?’ (see Question 5.15). In practice, ¢
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is usually much less than 1, because a phenomenon called deflation makes Q'
quite sparse.

After discussing deflation in the next section, we discuss details of solv-
ing the secular equation, and computing the eigenvectors stably. Finally, we
discuss how to accelerate the method by exploiting FMM techniques used in
electrostatic particle simulation [122]. These sections may be skipped on a first
reading.

Deflation

So far in our presentation we have assumed that the d; are distinct, and the
u; nonzero. When this is not the case, the secular equation f(A) = 0 will
have k < n vertical asymptotes, and so k < n roots. But it turns out that
the remaining n — k eigenvalues are available very cheaply: If d; = d;;1, or
if u; = 0, one can easily show that d; is also an eigenvalue of D + puu’ (see
Question 5.16). This process is called deflation. In practice we use a threshold
and deflate d; either if it is close enough to d;4; or if w; is small enough.

In practice, deflation happens quite frequently: In experiments with ran-
dom dense matrices with uniformly distributed eigenvalues, over 15% of the
eigenvalues of the largest D + puu’ deflated, and in experiments with random
dense matrices with eigenvalues approaching 0 geometrically, over 85% de-
flated! It is essential to take advantage of this behavior to make the algorithm
fast [58, 208].

The payoff in deflation is not in making the solution of the secular equation
faster; this costs only O(n?) anyway. The payoff is in making the matrix
multiplication in the last step of the algorithm fast. For if u; = 0, then the
corresponding eigenvector is e;, the ith column of the identity matrix (see
Question 5.16). This means that the ith column of Q" is e;, so no work is
needed to compute the ith column of ) in the two multiplications by (1 and
2. There is a similar simplification when d; = d;+;. When many eigenvalues
deflate, much of the work in the matrix multiplication can be eliminated. This
is borne out in the numerical experiments presented in section 5.3.6.

Solving the Secular Equation

When some u; is small but too large to deflate, a problem arises when trying to
use Newton’s method to solve the secular equation. Recall that the principle
of Newton’s method for updating an approximate solution A; of f(\) =0 is

1. to approximate the function f(\) near A = A; with a linear function I()\),
whose graph is a straight line tangent to the graph of f(\) at A = A;,

2. to let Aj41 be the zero of this linear approximation: I(A;j41) = 0.

The graph in Figure 5.2 offers no apparent difficulties to Newton’s method,
because the function f(\) appears to be reasonably well approximated by
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straight lines near each zero. But now consider the graph in Figure 5.3, which
differs from Figure 5.2 only by changing u? from .5 to .001, which is not
nearly small enough to deflate. The graph of f(\) in the left-hand figure is
visually indistinguishable from its vertical and horizontal asymptotes, so in the
right-hand figure we blow it up around one of the vertical asymptotes, A = 2.
We see that the graph of f(\) “turns the corner” very rapidly and is nearly
horizontal for most values of A. Thus, if we started Newton’s method from
almost any Ag, the linear approximation [(A) would also be nearly horizontal
with a slightly positive slope, so A1 would be an enormous negative number, a
useless approximation to the true zero.

Newton’s method can be modified to deal with this situation as follows.
Since f(A) is not well approximated by a straight line /(x), we approximate it
by another simple function h(x). There is nothing special about straight lines;
any approximation h(\) that is both easy to compute and has zeros that are
easy to compute can be used in place of I(x) in Newton’s method. Since f(A)
has poles at d; and d;+1 and these poles dominate the behavior of f(\) near
them, it is natural when seeking the root in (d;,d;y1) to choose h(\) to have
these poles as well, i.e.,

C1 C2
h(\) = .
N=g 3t o'

There are several ways to choose the constants ci, c2, and c3 so that h(\)
approximates f(\); we present a slightly simplified version of the one used
in the LAPACK routine slaed4 [170, 44]. Assuming for a moment that we
have chosen ¢y, c2, and ¢3, we can easily solve h(A) = 0 for A by solving the
equivalent quadratic equation

Cc1 (di—H — /\) + Cg(di — )\) + Cg(di — A)(di—I—l — /\) =0.
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Given the approximate zero \;, here is how we compute c1, c2, and c3 so that
for A near \;

n 2
4] C9 U

= h(\) ~ f(\) =1 .
S s Wl B UG A +p;;@—x

Write

IR Uk _
=1 N g 3 G = L)+ )

For A € (dj,dit1), ¥1()\) is a sum of negative terms and 12(\) is a sum of pos-
itive terms. Thus both 11 (A) and 12(\) can be computed accurately, whereas
adding them together would likely result in cancellation and loss of relative
accuracy in the sum. We now choose ¢; and ¢; so that

C1 )
satisfies

hl()\) = él—f—d
hi(Aj) =¥1(X;) and  hi(A;) =91 (). (5.15)

This means that the graph of h1(A) (a hyperbola) is tangent to the graph of
Y1(A) at A = A;j. The two conditions in equation (5.15) are the usual conditions
in Newton’s method, except instead of using a straight line approximation, we
use a hyperbola. It is easy to verify that ¢; = ¢|(\;)(d; — A\;)? and ¢ =
P1(Aj) — Y1 (Nj)(di — Aj). (See Question 5.17.)

Similarly, we choose ¢y and ¢y so that

ho(A) = é2+di:72—)\ satisfies

ha(Aj) = b2(X;) and  hy(Aj) = P5(Ns)- (5.16)

Finally, we set

h(X) = 1+ hi(X)+ ha(N)

A ~ C1 C2
=
( +61+C2)+di—>\+di+1—/\
I I
T BTG N T di =N

ExaMPLE 5.8. For example, in the example in Figure 5.3, if we start with
)\0 = 257 then

1.1111-1073  1.1111-1073
N =— 35—+ 3

+1,

and its graph is visually indistinguishable from the graph of f(\) in the right-
hand figure. Solving h(A\1) = 0, we get A; = 2.0011, which is accurate to 4
decimal digits. Continuing, Ao is accurate to 11 digits, and A3 is accurate to
all 16 digits. o
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The algorithm used in LAPACK routine slaed4 is a slight variation on
the one described here (the one here is called the Middle Way in [170]). The
LAPACK routine averages two to three iterations per eigenvalue to converge
to full machine precision, and never took more than seven steps in extensive
numerical tests.

Computing the Eigenvectors Stably

Once we have solved the secular equation to get the eigenvalues a; of D+ puu?,
Lemma 5.2 provides a simple formula for the eigenvectors: (D — a;I) 'u.
Unfortunately, the formula can be unstable [58, 88, 232], in particular when two
eigenvalues a; and ;41 are very close together. Intuitively, the problem is that
(D — oy I)"'uand (D — o 11)"'n are “very close” formulas yet are supposed
to yield orthogonal eigenvectors. More precisely, when a; and «;4;1 are very
close, they must also be close to the d; between them. Therefore, there is a
great deal of cancellation, either when evaluating d; — a; and d; — ;41 or when
evaluating the secular equation during Newton iteration. Either way, d; — a;
and d; — a; 41 may contain large relative errors, so the computed eigenvectors
(D — ;) 'u and (D — ay41) ' are quite inaccurate and far from orthogonal.

Early attempts to address this problem [88, 232] used double precision
arithmetic (when the input data was single precision) to solve the secular
equation to high accuracy so that d; — a; and d; — a1 could be computed to
high accuracy. But when the input data is already in double precision, this
means quadruple precision would be needed, and this is not available in many
machines and languages, or at least not cheaply. As described in section 1.5,
it is possible to simulate quadruple precision using double precision [232, 202].
This can be done portably and relatively efficiently, as long as the underlying
floating point arithmetic rounds sufficiently accurately. In particular, these
simulations require that fl(a £ ) = (a £ b)(1 4+ ) with |§| = O(¢e), barring
overflow or underflow (see section 1.5 and Question 1.18). Unfortunately, the
Cray 2, YMP, and C90 do not round accurately enough to use these efficient
algorithms.

Finally, an alternative formula was found that makes simulating high pre-
cision arithmetic unnecessary. It is based on the following theorem of Lowner
[127, 177].

THEOREM 5.10. Lowner. Let D = diag(dy,...,d,) be diagonal with d,, <
- <dy. Let oy < -+ <y be given, satisfying the interlacing property

dn<04n<-"<di+1<Cm+1<di<ai<'--<d1<041.

Then there is a vector 4 such that the o are the exact eigenvalues of D=
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D +aa™. The entries of @ are given by

4] = [[j=i (s —di) 1/2
Z [T, j=i(dj — di) :

Proof. The characteristic polynomial of D can be written both as det(f) —
M) =[[/_;(aj — A) and (using equations (5.13) and (5.14)) as

j=1
i n i n A2
. 7 o . ;
det(D — AI) = H(d] M-+ Z i )
_]:1 j=1
= - di — A\ 1 Y ﬂ?
| J=1 i j=1
j=1

Setting A = d; and equating both expressions for det(f) — M) yield
(aj—di) =a;- [ (4 —dy)

7=1

or
~9 H?:l (aj —d;)
’ H;L:L j:i(dj —d;)
Using the interlacing property, we can show that the fraction on the right is
positive, so we can take its square root to get the desired expression for u;. O

Here is the stable algorithm for computing the eigenvalues and eigenvectors
(where we assume for simplicity of presentation that p = 1).

ALGORITHM 5.3. Compute the eigenvalues and eigenvectors of D + uu”.

Solve the secular equation 1+ >, % =0 to get the eigenvalues
a; of D+ uu”.

Use Lowner’s theorem to compute U so that the «o; are “exact”
eigenvalues of D + ta” .

Use Lemma 5.2 to compute the eigenvectors of D + wa” .
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Here is a sketch of why this algorithm is numerically stable. By analyz-
ing the stopping criterion in the secular equation solver,'® one can show that
|uu® — a0y < O(e)(|| D2 + ||uuT||2); this means that D +uu® and D +aa?
are so close together that the eigenvalues and eigenvectors of D + aal are
stable approximations of the eigenvalues and eigenvectors of D + uu’. Next
note that the formula for %; in Léwner’s theorem requires only differences of
floating point numbers d; — d; and «; — d;, products and quotients of these
differences, and a square root. Provided that the floating point arithmetic is
accurate enough that fl(a © b) = (a ©® b)(1 + 0) for all ® € {+,—, x,/} and
sqrt(a) = v/a - (14 6) with |6| = O(e), this formula can be evaluated to high
relative accuracy. In particular, we can easily show that

w12
q [ ITj—i(a; —di) )] = (1 + (4n —2)6) - [

[Ts(o; —di) 1"
H;‘L:L j:i(dj —d; i)

H;‘L:L j:i(dj —d;

with |§] = O(e), barring overflow or underflow. Similarly, the formula in
Lemma 5.2 can also be evaluated to high relative accuracy, so we can compute
the eigenvectors of D + 44" to high relative accuracy. In particular, they are
very accurately orthogonal.

In summary, provided the floating point arithmetic is accurate enough,
Algorithm 5.3 computes very accurate eigenvalues and eigenvectors of a matrix
D+a4” that differs only slightly from the original matrix D4wuu”. This means
that it is numerically stable.

The reader should note that our need for sufficiently accurate floating point
arithmetic is precisely what prevented the simulation of quadruple precision
proposed in [232, 202] from working on some Crays. So we have not yet
succeeded in providing an algorithm that works reliably on these machines.
One more trick is necessary: The only operations that fail to be accurate
enough on some Crays are addition and subtraction, because of the lack of a so-
called guard digit in the floating point hardware. This means that the bottom-
most bit of an operand may be treated as 0 during addition or subtraction, even
if it is 1. If most higher-order bits cancel, this “lost bit” becomes significant.
For example, subtracting 1 from the next smaller floating point number, in
which case all leading bits cancel, results in a number twice too large on the
Cray C90 and in 0 on the Cray 2. But if the bottom bit is already 0, no
harm is done. So the trick is to deliberately set all the bottom bits of the d;
to 0 before applying Lowner’s theorem or Lemma 5.2 in Algorithm 5.3. This
modification causes only a small relative change in the d; and «;, and so the
algorithm is still stable.!?

¥1n more detail, the secular equation solver must solve for o; — d; or di+1 — a; (whichever
is smaller), not «;, to attain this accuracy.

976 set the bottom bit of a floating point number 3 to 0 on a Cray, one can show that it
is necessary only to set 8 := (84 ) — 8. This inexpensive computation does not change 3 at
all on a machine with accurate binary arithmetic (barring overflow, which is easily avoided).
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This algorithm is described in more detail in [127, 129] and implemented
in LAPACK routine slaed3.

Accelerating Divide-and-Conquer using the FMM

The FMM [122] was originally invented for the completely different problem of
computing the mutual forces on n electrically charged particles or the mutual
gravitational forces on n masses. We only sketch how these problems are
related to finding eigenvalues and eigenvectors, leaving details to [129].

Let dy through d,, be the three-dimensional position vectors of n particles
with charges z; - u;. Let a through «,, be the position vectors of n other par-
ticles with unit positive charges. Then the inverse-square law tells us that the
force on the particle at «; due to the particles at d; through d,, is proportional
to

£ = i ziti(di — o))

— i —ayll3
If we are modeling electrostatics in two dimensions instead of three, the force
law changes to the inverse-first-power law?’

n

fj _ Z zzuz(dl - Oéj)

2 d— a3

Since d; and «; are vectors in R?, we can also consider them to be complex
variables. In this case

where d; and a; are the complex conjugates of d; and «;, respectively. If d;
and o; happen to be real numbers, this simplifies further to

n
f ZiUg
i= d—
o
i=1 J

Now consider performing a matrix-vector multiplication f7 = 27Q’, where
Q' is the eigenvector matrix of D+wuu’. From Lemma 5.2, Qi = wisj/(di—aj),

But on a Cray it sets the bottom bit to 0. The reader familiar with Cray arithmetic is
invited to prove this. The only remaining difficulty is preventing an optimizing compiler
from removing this line of code entirely, which some overzealous optimizers might do; this is
accomplished (for the current generation of compilers) by computing (8 + 3) with a function
call to a function stored in a separate file from the main routine. We hope that by the time
compilers become clever enough to optimize even this situation, Cray arithmetic will have
died out.

20Technically, this means the potential function satisfies Poisson’s equation in two space
coordinates rather than three.
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where s; is a scale factor chosen so that column j is a unit vector. Then the
jth entry of fT = 2TQ" is

n n s
. . 1Ug
fi= E ziQij = 8; E d- X
o - (A a]

i=1 =1

which is the same sum as for the electrostatic force, except for the scale fac-
tor s;. Thus, the most expensive part of the divide-and-conquer algorithm,
the matrix multiplication in the last line of Algorithm 5.2, is equivalent to
evaluating electrostatic forces.

Evaluating this sum for j = 1,...,n appears to require O(n?) flops. The
FMM and others like it [122, 23] can be used to approximately (but very
accurately) evaluate this sum in O(n-logn) time (or even O(n)) time instead.
(See the lectures on “Fast Hierarchical Methods for the N-body Problem” at
PARALLEL_HOMEPAGE for details.)

But this idea alone is not enough to reduce the cost of divide-and-conquer
to O(n - logPn). After all, the output eigenvector matrix @ has n? entries,
which appears to mean that the complexity should be at least n2. So we
must represent  using fewer than n? independent numbers. This is possible,
because an n-by-n tridiagonal matrix has only 2n — 1 “degrees of freedom”
(the diagonal and superdiagonal entries), of which n can be represented by the
eigenvalues, leaving n—1 for the orthogonal matrix (). In other words, not every
orthogonal matrix can be the eigenvector matrix of a symmetric tridiagonal T7;
only an (n — 1)-dimensional subset of the entire (n(n — 1)/2)-dimensional set
of orthogonal matrices can be such eigenvector matrices.

We will represent () using the divide-and-conquer tree computed by Algo-

! Q(;Z |- @', we will store all the

@' matrices, one at each node in the tree. And we will not store Q' explicitly
but rather just store D, p, u, and the eigenvalues o; of D + puu’. We can do
this since this is all we need to use the FMM to multiply by @’. This reduces
the storage needed for @ from n? to O(n - logn). Thus, the output of the
algorithm is a “factored” form of ) consising of all the Q" factors at the nodes
of the tree. This is an adequate representation of (), because we can use the
FMM to multiply any vector by @ in O(n -log? n) time.

rithm 5.2. Rather than accumulating @ = [ 7

5.3.4. Bisection and Inverse lteration

The bisection algorithm exploits Sylvester’s inertia theorem (Theorem 5.3)
to find only those k eigenvalues that one wants, at cost O(nk). Recall that
Inertia(A) = (v,(,m), where v, ¢, and 7 are the number of negative, zero,
and positive eigenvalues of A, respectively. Suppose that X is nonsingular;
Sylvester’s inertia theorem asserts that Inertia(A) = Inertia( X7 AX).

Now suppose that one uses Gaussian elimination to factorize A — zI =
LDL”, where L is nonsingular and D diagonal. Then Inertia(A — zI) =
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Inertia(D). Since D is diagonal, its inertia is trivial to compute. (In what
follows, we use notation such as “# d;; < 0” to mean “the number of values of
d;; that are less than zero.”)
Inertia(A — ZI) = (# di; <0, # djy; =0, # di; > 0)
= (# negative eigenvalues of A — 21,
# zero eigenvalues of A — z1,
# positive eigenvalues of A — zT)
= (# eigenvalues of A < z,
# eigenvalues of A = z,
# eigenvalues of A > z).

Suppose 21 < zz and we compute Inertia (A — z1I) and Inertia (A — 221).
Then the number of eigenvalues in the interval [z1, z2) equals (# eigenvalues
of A < z) — (# eigenvalues of A < z7).

To make this observation into an algorithm, define

Negcount(A4, z) = # eigenvalues of A < z.

ALGORITHM 5.4. Bisection: Find all eigenvalues of A inside [a,b) to a given
error tolerance tol:

ng = Negcount(A, a)
ny = Negcount(A, b)
if ng = np, quit ... because there are no eigenvalues in [a,b)
put [a,ng, b, np| onto Worklist
/* Worklist contains a list of intervals [a,b) containing
etgenvalues n — ng + 1 through n — ny, which the algorithm
will repeatedly bisect until they are narrower than tol. */
while Worklist is not empty do
remove [low, Niow, up, nyp| from Worklist
if (up—low < tol) then
print “there are nup — Nieyw eigenvalues in [low,up)”
else
mid = (low + up)/2
Nmiqa = Negcount (A, mid)
if Nmid > Niow then ... there are eigenvalues in [low, mid)
put [low, Nyow, mid, nyig] onto Worklist
end if
if Nup > Nimiq then ... there are eigenvalues in [mid, up)
put [mid, nmid, up, nup| onto Worklist
end if
end if

end while

If oy > -+ > «,, are eigenvalues, the same idea can be used to compute o;
for j = jo,jo +1,...,j1. This is because we know ay,—y,,+1 through apn_p,
lie in the interval [low,up).
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If A were dense, we could implement Negcount(A, z) by doing symmetric
Gaussian elimination with pivoting as described in section 2.7.2. But this
would cost O(n?) flops per evaluation and so not be cost effective. On the other
hand, Negcount(A, z) is quite simple to compute for tridiagonal A, provided
that we do not pivot:

1 d1 1 ll

K : ln—l
oot 1 dn 1
SO a; — 2 = Cll,dlll = b1 and thereafter l?fldifl + dZ = a; — Zz, Clllz = bz
Substituting l; = b;/d; into l?_ldi_l + d; = a; — z yields the simple recurrence

by
di—1
Notice that we are not pivoting, so you might think that this is dangerously

unstable, especially when d;_; is small. In fact, since it is tridiagonal, it can
be shown to be very stable [72, 73, 154].

di = (CLZ‘ - Z) - (517)

LEMMA 5.3. Thed; computed in floating point arithmetic, using equation (5.17),
have the same signs (and so compute the same Inertia) as the d; computed ex-
actly from A, where A is very close to A:

(/1)“ =a4; =a; and (/1)”“ =b; = bi(1+¢€;), where || < 2.5e 4+ 0(52).

Proof. Let d; denote the quantities computed using equation (5.17) including
rounding errors:

~ b2_ 1 + €x i
di = (ai — Z)(l =+ 6_7111‘) — %
i—1

(e res)  (518)
where all the €’s are bounded by machine roundoff € in magnitude, and their
subscripts indicate which floating point operation they come from (for example,
€_2; is from the second subtraction when computing d;). Define the new
variables

. d;
(I+e 1)1 +e_24)
. (1+ei)(L+€4)
bi-1 = bi—1 ’
(1 + 677171')(1 + 677171',1)(1 + 6,7271',1)

(5.19)

1/2
= bi_l(l + Ei).
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Note that d; and d; have the same signs, and |¢;| < 2.5¢ + O(e?). Substituting
(5.19) into (5.18) yields

. b2
di =a;—z— =1,
di—1

completing the proof. O

A complete analysis must take the possibility of overflow or underflow into
account. Indeed, using the exception handling facilities of IEEE arithmetic,
one can safely compute even when some d; 7 is exactly zero! For in this case
d; = —00, di+1 = a;+1 — 2, and the computation continues unexceptionally
[72, 80].

The cost of a single call to Negcount on a tridiagonal matrix is 4n flops.
Therefore the overall cost to find k eigenvalues is O(kn). This is implemented
in LAPACK routine sstebz.

Note that Bisection converges linearly, with one more bit of accuracy for
each bisection of an interval. There are many ways to accelerate convergence,
using algorithms like Newton’s method and its relatives, to find zeros of the
characteristic polynomial (which may be computed by multiplying all the d;’s
together) [171, 172, 173, 174, 176, 267].

To compute eigenvectors once we have computed (selected) eigenvalues, we
can use inverse iteration (Algorithm 4.2); this is available in LAPACK routine
sstein. Since we can use accurate eigenvalues as shifts, convergence usually
takes one or two iterations. In this case the cost is O(n) flops per eigenvector,
since one step of inverse iteration requires us only to solve a tridiagonal system
of equations (see section 2.7.3). When several computed eigenvalues d;, . .., &;
are close together, their corresponding computed eigenvectors ¢;,...,¢; may
not be orthogonal. In this case the algorithm reorthogonalizes the computed
eigenvectors, computing the QR decomposition [g;, . . ., ¢;] = QR and replacing
each g with the kth column of @; this guarantees that the §; are orthonormal.
This QR decomposition is usually computed using the MGS orthogonalization
process (Algorithm 3.1); i.e., each computed eigenvector has any components
in the directions of previously computed eigenvectors explicitly subtracted out.
When the cluster size k = j — i + 1 is small, the cost O(k?n) of this reorthog-
onalization is small, so in principle all the eigenvalues and all the eigenvectors
could be computed by Bisection followed by inverse iteration in just O(n?) flops
total. This is much faster than the O(n?) cost of QR iteration or divide-and-
conquer (in the worst case). The obstacle to obtaining this speedup reliably
is that if the cluster size kK = j — ¢ + 1 is large, i.e., a sizable fraction of n,
then the total cost rises to O(n?) again. Worse, there is no guarantee that the
computed eigenvectors are accurate or orthogonal. (The trouble is that after
reorthogonalizing a set of nearly dependent i, cancellation may mean some
computed eigenvectors consist of little more than roundoff errors.)

There has been recent progress on this problem, however [103, 199, 201],
and it now appears possible that inverse iteration may be “repaired” to provide
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accurate, orthogonal eigenvectors without spending more than O(n) flops per
eigenvector to reorthogonalize. This would make Bisection and “repaired”
inverse iteration the algorithm of choice in all cases, no matter how many
eigenvalues and eigenvectors are desired. We look forward to describing this
algorithm in a future edition.

Note that Bisection and inverse iteration are “embarrassingly parallel,”
since each eigenvalue and later eigenvector may be found independently of
the others. (This presumes that inverse iteration has been repaired so that
reorthogonalization with many other eigenvectors is no longer necessary.) This
makes these algorithms very attractive for parallel computers [75].

5.3.5. Jacobi’'s Method

Jacobi’s method does not start by reducing A to tridiagonal from as do the
previous methods but instead works on the original dense matrix. Jacobi’s
method is usually much slower than the previous methods and remains of
interest only because it can sometimes compute tiny eigenvalues and their
eigenvectors with much higher accuracy than the previous methods and can be
easily parallelized. Here we describe only the basic implementation of Jacobi’s
method, and defer the discussion of high accuracy to section 5.4.3.

Given a symmetric matrix A = Ag, Jacobi’s method produces a sequence
Ay, As, ... of orthogonally similar matrices, which eventually converge to a
diagonal matrix with the eigenvalues on the diagonal. A;.; is obtained from
A; by the formula A;4; = Jl-T A;J;, where J; is an orthogonal matrix called a
Jacobi rotation. Thus

Apm = Jh 1 Am1dm
J7271J£72Am72Jm,2Jm71 — ...
JT T Agdy - T

= JTAJ.

If we choose each J; appropriately, A,, approaches a diagonal matrix A for
large m. Thus we can write A ~ JTAJ or JAJT ~ A. Therefore, the columns
of J are approximate eigenvectors.

We will make J” AJ nearly diagonal by iteratively choosing J; to make one
pair of offdiagonal entries of A; 11 = JiT A;J; zero at a time. We will do this by
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choosing J; to be a Givens rotation,

J k
) -
1
j cos 0 —sind
Ji=R(j,k,0) =
k sin 0 cos b
1
- 1 -

where 6 is chosen to zero out the j, k and k, j entries of A;11. To determine 6
(or actually cos @ and sin ), write

ag-?rl) a%jl) B cosf —sinf |7 a;? Cbgik) cos) —sinf
CLl(;';rl) a;(;:l) - sinf cosf al(;]? ag}z sinf cos®
B A0
- 0 X |’

where A1 and A9 are the eigenvalues of

@@ ()
KX
gy O

It is easy to compute cos @ and sin §: Multiplying out the last expression, using
symmetry, abbreviating ¢ = cos and s = sin#, and dropping the superscript
(7) for simplicity yield

M0 ][ ajc+apes® + 2scay, sc(apy — aj5) + ajk(c2 — 5%)
0 Ao | | sclaxk — ajj) + ajk;(c2 — 5?) ajj82 + appc® — 2scajy,

Setting the offdiagonals to 0 and solving for 6 we get 0 = sc(arr — aj;) +

aji(c? — s?), or

2 2
ai; —a c“— s cos 20

JJ L = — =cot20 =r.
2ap, 2sc sin 26

We now let ¢ = £ = tanf and note that ¢* + 27t — 1 = 0 to get (via the

. _ sign(7) o 1
quadratic formula) ¢ = EEYE=t ¢=

derivation in the following algorithm.

and s = ¢ - ¢. We summarize this

ALGORITHM 5.5. Compute and apply a Jacobi rotation to A in coordinates
Jok:
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proc Jacobi-Rotation (A, j, k)

if |ajk| is not too small
T = (aj; — arr) /(2 - a;k)
t = sign(r)/(|7] + V14 72)
c=1/V1+1¢?
s=c-t
A=RT(j,k 0)-A R(j,k,0) ... where ¢ = cosf and s = sin@
if eigenvectors are desired

J=J-R(j,k,0)

end if

end if

The cost of applying R(j,k,0) to A (or J) is only O(n) flops, because only
rows and columns j and k of A (and columns j and k of J) are modified. The
overall Jacobi algorithm is then as follows.

ALGORITHM 5.6. Jacobi’s method to find the eigenvalues of a symmetric ma-
trix:

repeat

choose a j, k pair

call Jacobi-Rotation(A, j, k)
until A is sufficiently diagonal

We still need to decide how to pick j, k pairs. There are several possibilities.
To measure progress to convergence and describe these possibilities, we define

off(A) = Z a?k.

1<j<k<n

Thus off (4) is the root-sum-of-squares of the (upper) offdiagonal entries of
A, so A is diagonal if and only if off(A) = 0. Our goal is to make off (A) ap-
proach 0 quickly. The next lemma tells us that off (A) decreases monotonically
with every Jacobi rotation.

LEMMA 5.4. Let A’ be the matriz after calling Jacobi-Rotation(A, j, k) for any
j = k. Then off>(A’) = off*(A) — a3

Proof. Note that A’ = A except in rows and columns j and k. Write
OHQ(A) = Z a?/k/ —+ a?k = SQ -+ a?k

1<j <k <n
j =jork =
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and similarly off?(A’) = S + a'?k = 52 since aly, = 0 after calling Jacobi-
Rotation (A4, j, k). Since || X||r = [|QX||F and | X|r = || XQ||F for any X and
any orthogonal @, we can show S? = S’2. Thus off?(4’) = off?(A) — a?k as
desired. O

The next algorithm was the original version of the algorithm (from Jacobi
in 1846), and it has an attractive analysis although it is too slow to use.

ALGORITHM 5.7. Classical Jacobi’s algorithm:

while off (A) > tol (where tol is the stopping criterion set by user)
choose j and k so aji, is the largest offdiagonal entry in magnitude
call Jacobi-Rotation (A, j, k)

end while

THEOREM 5.11. After one Jacobi rotation in the classical Jacobi’s algorithm,
we have off(A') < /1 — % off(A) where N = @ = the number of su-
perdiagonal entries of A. After k Jacobi-Rotations off(-) is no more than
k/2

(1— 1) off(A).
Proof. By Lemma 5.4, after one step, off>(A’) = oﬁQ(A)—a?k, where a;, is the
largest offdiagonal entry. Thus off?(A) < %a?k, or a?k > WOHQ(A),
so oft?(A) — a?k < (1= %) off?>(A) as desired. O

So the classical Jacobi’s algorithm converges at least linearly with the error
(measured by off(4)) decreasing by a factor of at least /1 — & at a time. In

fact, it eventually converges quadratically.

THEOREM 5.12. Jacobi’s method is locally quadratically convergent after N
steps (i.e., enough steps to choose each aj, once). This means that for i large
enough

off (Ajn) = O(off(Ay)).

In practice, we do not use the classical Jacobi’s algorithm because searching
for the largest entry is too slow: We would need to search n’=n entries for every
Jacobi rotation, which costs only O(n) flops to perform, and so for large n the
search time would dominate. Instead, we use the following simple method to
choose j and k.

ALGORITHM 5.8. Cyclic-by-row-Jacobi: Sweep through the offdiagonals of A
rowuwise.

repeat
forj=1ton—-1
fork=j+1ton
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call Jacobi-Rotation(A, j, k)
end for
end for
until A is sufficiently diagonal

A no longer changes when Jacobi-Rotation(A, j, k) chooses only ¢ = 1 and
s = 0 for an entire pass through the inner loop. The cyclic Jacobi’s algo-
rithm is also asymptotically quadratically convergent like the classical Jacobi’s
algorithm [260, p. 270].

The cost of one Jacobi “sweep” (where each j, k pair is selected once) is
approximately half the cost of reduction to tridiagonal form and the compu-
tation of eigenvalues and eigenvectors using QR iteration, and more than the
cost using divide-and-conquer. Since Jacobi’s method often takes 5-10 sweeps
to converge, it is much slower than the competition.

5.3.6. Performance Comparison

In this section we analyze the performance of the three fastest algorithms
for the symmetric eigenproblem: QR iteration, Bisection with inverse itera-
tion, and divide-and-conquer. More details may be found in [10, chap. 3] or
NETLIB /lapack/lug/lapack_lug.html.

We begin by discussing the fastest algorithm and later compare the others.
We used the LAPACK routine ssyevd. The algorithm to find only eigenval-
ues is reduction to tridiagonal form followed by QR iteration, for an operation
count of §n3 +O(n?) flops. The algorithm to find eigenvalues and eigenvectors
is tridiagonal reduction followed by divide-and-conquer. We timed ssyevd on
an IBM RS6000/590, a workstation with a peak speed of 266 Mflops, although
optimized matrix-multiplication runs at only 233 Mflops for 100-by-100 matri-
ces and 256 Mflops for 1000-by-1000 matrices. The actual performance is given
in the table below. The “Mflop rate” is the actual speed of the code in Mflops,
and “Time / Time(Matmul)” is the time to solve the eigenproblem divided by
the time to multiply two square matrices of the same size. We see that for large
enough matrices, matrix-multiplication and finding only the eigenvalues of a
symmetric matrix are about equally expensive. (In contrast, the nonsymmet-
ric eigenproblem is least 16 times more costly [10].) Finding the eigenvectors
as well is a little under three times as expensive as matrix-multiplication.

Dimension Eigenvalues only Eigenvalues
and eigenvectors
Mflop rate Time / Mflop rate Time /
Time(Matmul) Time(Matmul)
100 72 3.1 72 9.3
1000 160 1.1 174 2.8

Now we compare the relative performance of QR iteration, Bisection with
inverse iteration, and divide-and-conquer. In Figures 5.4 and 5.5 these are la-
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beled QR, BZ (for the LAPACK routine sstebz, which implements Bisection),
and DC, respectively. The horizontal axis in these plots is matrix dimension,
and the vertical axis is time divided by the time for DC. Therefore, the DC
curve is a horizontal line at 1, and the other curves measure how many times
slower BZ and QR are than DC. Figure 5.4 shows only the time for the tridi-
agonal eigenproblem, whereas Figure 5.5 shows the entire time, starting from
a dense matrix.

In the top graph in Figure 5.5 the matrices tested were random symmetric
matrices; in Figure 5.4, the tridiagonal matrices were obtained by reducing
these dense matrices to tridiagonal form. Such random matrices have well-
separated eigenvalues on average, so inverse iteration requires little or no ex-
pensive reorthogonalization. Therefore BZ was comparable in performance
to DC, although QR was significantly slower, up to 15 times slower in the
tridiagonal phase on large matrices.

In the bottom two graphs, the dense symmetric matrices had eigenvalues
1, .5, .25, ..., .5" 1. In other words, there were many eigenvalues clustered
near zero, so inverse iteration had a lot of reorthogonalization to do. Thus
the tridiagonal part of BZ was over 70 times slower than DC. QR was up to
54 times slower than DC, too, because DC actually speeds up when there is a
large cluster of eigenvalues; this is because of deflation.

The distinction in speeds among QR, BZ, and DC is less noticeable in
Figure 5.5 than in Figure 5.4, because Figure 5.5 includes the common O(n?)
overhead of reduction to tridiagonal form and transforming the eigenvalues of
the tridiagonal matrix to eigenvalues of the original dense matrix; this common
overhead is labeled TRD. Since DC is so close to TRD in Figure 5.5, this means
that any further acceleration of DC will make little difference in the overall
speed of the dense algorithm.

5.4. Algorithms for the Singular Value Decomposition

In Theorem 3.3, we showed that the SVD of the general matrix G is closely
relatetho the eigendecompositions of the symmetric matrices GT G, GGT and
e 5]
transformed into algorithms for the SVD. The transformations are not straight-
forward, however, because the added structure of the SVD can often be ex-
ploited to make the algorithms more efficient or more accurate [118, 79, 66].
All the algorithms for the eigendecomposition of a symmetric matrix A,
except Jacobi’s method, have the following structure:

Using these facts, the algorithms in the previous section can be

1. Reduce A to tridiagonal form T with an orthogonal matrix Q1: A =
QTQT.

2. Find the eigendecomposition of T: T = Q2AQT, where A is the diagonal
matrix of eigenvalues and ()2 is the orthogonal matrix whose columns
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Fig. 5.4. Speed of finding eigenvalue and eigenvectors of a symmetric tridiagonal
matriz, relative to divide-and-conquer.
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are eigenvectors.

3. Combine these decompositions to get A = (Q1Q2)A(Q1Q2)”. The columns
of Q = Q1) are the eigenvectors of A.

All the algorithms for the SVD of a general matrix G, except Jacobi’s method,
have an analogous structure:

1. Reduce G to bidiagonal form B with orthogonal matrices U; and Vi:
G = U BV{l'. This means B is nonzero only on the main diagonal and
first superdiagonal.

2. Find the SVD of B: B = UsXV,, where ¥ is the diagonal matrix of
singular values, and Us and V5 are orthogonal matrices whose columns
are the left and right singular vectors, respectively.

3. Combine these decompositions to get G = (U1U2)%(V1V2)?. The columns
of U = UUs and V = V1 Vs are the left and right singular vectors of G,
respectively.

Reduction to bidiagonal form is accomplished by the algorithm in section 4.4.7.
Recall from the discussion there that it costs %n?’ +O(n?) flops to compute B;
this is all that is needed if only the singular values ¥ are to be computed. It
costs another 4n3 + O(n?) flops to compute U; and Vi, which are needed to
compute the singular vectors as well.

The following simple lemma shows how to convert the problem of finding
the SVD of the bidiagonal matrix B into the eigendecomposition of a symmetric
tridiagonal matrix 7.

LEMMA 5.5. Let B be an n-by-n bidiagonal matriz, with diagonal aq,...,an
and superdiagonal by, ...,b,_1. There are three ways to convert the problem of
finding the SVD of B to finding the eigenvalues and eigenvectors of a symmetric
tridiagonal matrizx.

T
1. Let A =| g BO |. Let P be the permutation matric P = [e1, ent1, €2,
€n+2,- -+, €En,Con], where e; is the ith column of the 2n-by-2n identity

matriz. Then T,s = PTAP is symmetric tridiagonal. The subscript
“ps” stands for perfect shuffle, because multiplying P times a vector x
“shuffles” the entries of x like a deck of cards. One can show that T,
has all zeros on its main diagonal, and its superdiagonal and subdiagonal
is at,b1,a2,b2,...,bn_1,0an. If Tpsx; = o;x; is an eigenpair for Tps, with
x; a unit vector, then oa; = +o;, where o; is a singular value of B, and

Px; = %[ iU;Z |, where u; and v; are left and right singular vectors of

B, respectively.
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2. Let Tggr = BBT. Then Tgpr is symmetric tridiagonal with diagonal
a? +b3,a3+03,...,a2_ +b2_,,a2, and superdiagonal and subdiagonal
asbi,asbsy, ... ,anb,_1. The singular values of B are the square roots
of the eigenvalues of Trpr, and the left singular vectors of B are the
eigenvectors of Tgpr. Tgpr contains no information about the right

singular vectors of B.

3. Let Tgrg = BTB. Then Tgrg is symmetric tridiagonal with diago-

nal a3,a3 + b3,a3 + b3,...,a2 + b2_,, and superdigonal and subdiagonal
aiby, agba, ... an,bp—1. The singular values of B are the square roots of

the eigenvalues of Tgr g, and the right singular vectors of B are the eigen-
vectors of Tgrg. Tgrp contains no information about the left singular
vectors of B.

For a proof, see Question 5.19.

Thus, we could in principle apply any of QR iteration, divide-and-conquer,
or Bisection with inverse iteration to one of the tridiagonal matrices from
Lemma 5.5 and then extract the singular and (perhaps only left or right)
singular vectors from the resulting eigendecomposition. However, this sim-
ple approach would sacrifice both speed and accuracy by ignoring the special
properties of the underlying SVD problem. We give two illustrations of this.

First, it would be inefficient to run symmetric tridiagonal QR iteration or
divide-and-conquer on Tj,. This is because these algorithms both compute all
the eigenvalues (and perhaps eigenvectors) of T}, whereas Lemma 5.5 tells us
we only need the nonnegative eigenvalues (and perhaps eigenvectors). There
are some accuracy difficulties with singular vectors for tiny singular values too.

Second, explicitly forming either Tggr or Tgrp is numerically unstable.
In fact one can lose half the accuracy in the small singular values of B. For
example, let n = /2, so 1 + n rounds to 1 in floating point arithmetic. Let

B =] (1) \/177 ], which has singular values near v/2 and /7/2. Then BTB =
[ 1 1i?7 | rounds to Tyrg = | 1 1 |, an exactly singular matrix. Thus,

rounding 1+ 7 to 1 changes the smaller computed singular value from its true
value near \/m = v/£/2 to 0. In contrast, a backward stable algorithm should
change the singular values by no more than O(¢g)||Bl|2 = O(¢). In IEEE double
precision floating point arithmetic, ¢ ~ 107!6 and \/z/2 ~ 1078, so the error
introduced by forming BT B is 10® times larger than roundoff, a much larger
change. The same loss of accuracy can occur by explicitly forming Tzpzr.

Because of the instability caused by computing Tzgr or Tgr g, good SVD
algorithms work directly on B or possibly T)s.

In summary, we describe the practical algorithms used for computing the
SVD.

1. QR iteration and its variations. Properly implemented [102], this is the
fastest algorithm for finding all the singular values of a bidiagonal matrix.
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Furthermore, it finds all the singular values to high relative accuracy,
as discussed in section 5.2.1, This means that all the digits of all the
singular values are correct, even the tiniest ones. In contrast, symmetric
tridiagonal QR iteration may compute tiny eigenvalues with no relative
accuracy at all. A different variation of QR iteration [79] is used to
compute the singular vectors as well: by using QR iteration with a zero
shift to compute the smallest singular vectors, this variation computes
the singular values nearly as accurately, as well as getting singular vectors
as accurately as described in section 5.2.1. But this is only the fastest
algorithm for small matrices, up to about dimension n = 25. This routine
is available in LAPACK subroutine sbdsqr.

2. Divide-and-conquer. This is currently the fastest method to find all sin-
gular values and singular vectors for matrices larger than n = 25. (The
implementation in LAPACK, sbdsdc, defaults to sbdsqr for small ma-
trices.) However, divide-and-conquer does not guarantee that the tiny
singular values are computed to high relative accuracy. Instead, it guar-
antees only the same error bound as in the symmetric eigenproblem: the
error in singular value o; is at most O(e)oy rather than O(e)oj. This
sufficiently accurate for most applications.

3. Bisection and inverse iteration. One can apply Bisection and inverse
iteration to T),s of part 1 of Lemma 5.5, to find only the singular values in
a desired interval. This algorithm is guaranteed to find the singular values
to high relative accuracy, although the singular vectors may occasionally
suffer loss of orthogonality as described in section 5.3.4.

4. Jacobi’s method. We may compute the SVD of a dense matrix G by
applying Jacobi’s method of section 5.3.5 implicitly to GGT or GTG,
i.e., without explicitly forming either one and so possibly losing stability.
For some classes of G, i.e., those to which we can profitably apply the
relative perturbation theory of section 5.2.1, we can show that Jacobi’s
method computes the singular values and singular vectors to high relative
accuracy, as described in section 5.2.1.

The following sections describe some of the above algorithms in more de-
tail, notably QR iteration and its variation dqds in section 5.4.1; the proof
of high accuracy of dqds and Bisection in section 5.4.2; and Jacobi’s method
in section 5.4.3. We omit divide-and-conquer because of its overall similarity
to the algorithm discussed in section 5.3.3, and refer the reader to [128] for
details.

5.4.1. QR Iteration and lts Variations for the Bidiagonal SVD

There is a long history of variations on QR iteration for the SVD, designed
to be as efficient and accurate as possible; see [198] for a good survey. The



The Symmetric Eigenproblem and SVD 243

algorithm in the LAPACK routine sbdsqr was originally based on [79] and
later updated to use the algorithm in [102] in the case when singular values
only are desired. This latter algorithm, called dqds for historical reasons,?' is
elegant, fast, and accurate, so we will present it.

To derive dqds, we begin with an algorithm that predates QR iteration,

called LR iteration, specialized to symmetric positive definite matrices.

ALGORITHM 5.9. LR Iteration; Let Ty be any symmetric positive definite ma-
triz. The following algorithm produces a sequence of similar symmetric positive
definite matrices T;:

1=0
repeat
Choose a shift T2 smaller than the smallest eigenvalue of T.
Compute the Cholesky factorization T; — Tf[ = BiTBi
(B; is an upper triangular matriz with positive diagonal.)
Tit1 = BBl + 721
t=1+1
until convergence

LR iteration is very similar in structure to QR iteration: We compute a
factorization, and multiply the factors in reverse order to get the next iterate
Ti;y1. It is easy to see that 7341 and T; are similar: T;11 = BiBZ.T + TZ?I =
B "BI'B,BI' + r?B; "Bl = B, 'T,B] .

In fact, when the shift 72 = 0, we can show that two steps of LR iteration
produce the same T as one step of QR iteration.

LEMMA 5.6. Let Ts be the matriz produced by two steps of Algorithm 5.9 using
Tiz =0, and let T be the matrixz produced by one step of QR iteration (QR = Ty,
T'=RQ). Then To =T".

Proof. Since Ty is symmetric, we can factorize Tg in two ways: First, Tg =
Ty = (QR)TQR = RTR. We assume without loss of generality that R;; > 0.
This is a factorization of T§ into a lower triangular matrix RT times its trans-
pose; since the Cholesky factorization is unique, this must in fact be the
Cholesky factorization. The second factorization is T = B ByB{ By. Now
by Algorithm 5.9, 71 = BoBg = B?Bl, So we can rewrite TO2 = BngBOTBo =
BY(BTYB1)By = (B1By)T'B1By. This is also a factorization of T into a
lower triangular matrix (B;Bp)? times its transpose, so this must again be
the Cholesky factorization. By uniqueness of the Cholesky factorization, we
conclude R = Bj By, thus relating two steps of LR iteration to one step of QR
iteration. We exploit this relationship as follows: Ty = QR implies

T = RQ=RQ(RR')=RQRR'=RIHR" because Tp = QR

?!dqds is short for “differential quotient-difference algorithm with shifts” [207].
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= (B1By)(BYBy)(B1By)™! because R = BBy and Ty = BI By
= B1BoBl ByB,'B; ' = Bi1(BoB{)B;!

= Bi(B]B1)B;' because BoBl =T, = B B;

= BBf

= T5 as desired. O

Neither Algorithm 5.9 nor Lemma 5.6 depends on Ty being tridiagonal,
just symmetric positive definite. Using the relationship between LR iteration
and QR iteration in Lemma 5.6, one can show that much of the convergence
analysis of QR iteration goes over to LR iteration; we will not explore this
here.

Our ultimate algorithm, dqds, is mathematically equivalent to LR iteration.
But it is nmot implemented as described in Algorithm 5.9, because this would
involve explicitly forming T;11 = BiBiT + Ti2I , which in section 5.4 we showed
could be numerically unstable. Instead, we will form B;1 directly from B;,
without ever forming the intermediate matrix Tj4 .

To simplify notation, let B; have diagonal aq,...,a, and superdlagonal
bi,...,bp—1, and B; 1 have dlagonal ap, .. , 4y, and superdlagonal bl, .. bn 1.
We use the convention by = bo =b, = bn = 0. We relate B; to B,y by

Bl \Biy1 + 1241 = Tiy1 = BBl + 771 (5.20)

Equating the j, j entries of the left and right sides of equation (5.20) for j <n
yields
a2 +b A =d b +T or al=al+b—b -0, (5.21)

where § = 772 i1 7' . Since 7'2 must be chosen to approach the smallest eigen-

value of T from below (to keep T; positive definite and the algorithm well
defined), § > 0. Equating the squares of the j, j+ 1 entries of the left and right
sides of equation (5.20) yields

a3b? = aj b7 or b3 =al, b}/a]. (5.22)
Combining equations (5.21) and (5.22) yields the not-yet-final algorithm

forj=1ton—1
2 9, 32 G2
I o
bj = b5 - (afy,1/5)

end for

a2 —a2— 2, — 4

This version of the algorithm has only five floating point operations in the
inner loop, which is quite inexpensive. It maps directly from the squares of the
entries of B; to the squares of the entries of B;y1. There is no reason to take
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square roots until the very end of the algorithm. Indeed, square roots, along
with divisions, can take 10 to 30 times longer than additions, subtractions, or
multiplications on modern computers, so we should avoid as many of them as
possible. To emphasize that we are computing squares of entries, we change
variables to q; = a? and e; = b?, yielding the penultimate algorithm qds (again,
the name is for historical reasons that do not concern us [207]).

ALGORITHM 5.10. One step of the qds algorithm:

forj=1ton—1
Qj:(Jj‘l-@j—éj,l—(s
éj = ¢j - (g+1/4))

end for

Gn = qn —€én—1—0

The final algorithm, dqds, will do about the same amount of work as qds
but will be significantly more accurate, as will be shown in section 5.4.2. We
take the subexpression ¢; — é;_1 — d from the first line of Algorithm 5.10 and
rewrite it as follows:

dj = qj—éj_l—é
= - L5915 fom (5.22)
qj—1
Ji_1 — €
_ qj.[w}_ 5
qj—-1
I P
— qj.[qf L ]—5 from (5.21)
qj5—-1
_ %o g
qj—1

This lets us rewrite the inner loop of Algorithm 5.10 as

4 =dj+ej

éj = €j - (¢j+1/4;)

djt1=dj - (gj+1/4;) — 6

Finally, we note that dj;1 can overwrite d; and that t = g;41/4; need be

computed only once to get the final dqds algorithm.

ALGORITHM 5.11. One step of the dqds algorithm:

d:q1—5
forj=1ton—1
cjj:d—i—ej

t = (gj+1/4j)
éj = ej -t
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d=d-t—9
end for
Qn:d

The dqds algorithm has the same number of floating point operations in its
inner loop as qds but trades a subtraction for a multiplication. This modifica-
tion pays off handsomely in guaranteed high relative accuracy, as described in
the next section.

There are two important issues we have not discussed: choosing a shift
§ = 77, — 7} and detecting convergence. These are discussed in detail in [102].

5.4.2. Computing the Bidiagonal SVD to High Relative Accuracy

This section, which depends on section 5.2.1, may be skipped on a first reading.

Our ability to compute the SVD of a bidiagonal matrix B to high relative
accuracy (as defined in section 5.2.1) depends on Theorem 5.13 below, which
says that small relative changes in the entries of B cause only small relative
changes in the singular values.

LEMMA 5.7. Let B be a bidiagonal matriz, with diagonal entries ai,...,an,
and superdiagonal entries by,...,b,_1. Let B be another bidiagonal matriz
with diagonal entries a; = a;x; and superdiagonal entries I;Z = 0;(;. Then
B = D1BDs, where

D, = diag <X1 X2X1 X3X2X1 XX >
TG GG T )
Dy = diag <17Q, GG e Cno1:2C1 ) )
X1 X2X1 Xn—1"""X1

The proof of this lemma is a simple computation (see Question 5.20). We
can now apply Corollary 5.2 to conclude the following.

THEOREM 5.13. Let B and B be defined as in Lemma 5.7. Suppose that there
is a T > 1 such that 771 < xi < 7 and 1< G < 1. In other words
e =7 —1 is a bound on the relative difference between each entry of B and the
corresponding entry of B. Let o, < -+ < o1 be the singular values of B and
Gp < -+ < 61 be the singular values of B. Then |6; — o;| < (742 —1). If
oi=0and T —1=¢€<k1, then we can write
16i = ail <772 1 = (4n — 2)e + O(€2).
0

Thus, the relative change in the singular values |6; — 0;|/0; is bounded by

4n—2 times the relative change € in the matrix entries. With a little more work,
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the factor 4n — 2 can be improved to 2n — 1 (see Question 5.21). The singular
vectors can also be shown to be determined quite accurately, proportional to
the reciprocal of the relative gap, as defined in section 5.2.1.

We will show that both Bisection (Algorithm 5.4 applied to Tps from
Lemma 5.5) and dqds (Algorithm 5.11) can be used to find the singular values
of a bidiagonal matrix to high relative accuracy. First we consider Bisection.
Recall that the eigenvalues of the symmetric tridiagonal matrix T, are the
singular values of B and their negatives. Lemma 5.3 implies that the inertia of
Tps — M computed using equation (5.17) is the exact inertia of some B, where
the relative difference of corresponding entries of B and B is at most about
2.5e.  Therefore, by Theorem 5.13, the relative difference between the com-
puted singular values (the singular values of B) and the true singular values is
at most about (10n — 5)e.

Now we consider Algorithm 5.11. We will use Theorem 5.13 to prove that
the singular values of B (the input to Algorithm 5.11) and the singular values
of B (the output from Algorithm 5.11) agree to high relative accuracy. This
fact implies that after many steps of dqds, when Bis nearly diagonal with its
singular values on the diagonal, these singular values match the singular values
of the original input matrix to high relative accuracy.

The simplest situation to understand is when the shift § = 0. In this case,
the only operations in dqds are additions of positive numbers, multiplications,
and divisions; no cancellation occurs. Roughly speaking, any sequence of ex-
pressions built of these basic operations is guaranteed to compute each output
to high relative accuracy. Therefore, Bis computed to high relative accuracy,
and so by Theorem 5.13, the singular values of B and B agree to high relative
accuracy. The general case, where § > 0, is trickier [102].

THEOREM 5.14. One step of Algorithm 5.11 in floating point arithmetic, ap-
plied to B and yielding B, is equivalent to the following sequence of operations:

1. Make a small relative change (by at most 1.5¢ ) in each entry of B, getting
B.

2. Apply one step of Algorithm 5.11 in exact arithmetic to B, getting B.

3. Make a small relative change (by at most €) in each entry of B, getting
B.

Steps 1 and 3 above make only small relative changes in the singular values
of the bidiagonal matriz, so by Theorem 5.13 the singular values of B and B
agree to high relative accuracy.

Proof. Let us write the inner loop of Algorithm 5.11 as follows, introducing
subscripts on the d and ¢ variables to let us keep track of them in different
iterations and including subscripted 1 + € terms for the roundoff errors:
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g = (dj +¢e;)(1+€54)

ti = (gj+1/4;)(1 +¢j )

éj =ej - ti(1+¢€j1)

djt1 = (dj - t;(1 4+ €j42) — 6)(1 +¢€j,—)

Substituting the first line into the second line yields

fo_ Gt L+ej

Todite; 14y

Substituting this expression for ¢; into the last line of the algorithm and di-
viding through by 1+ ¢; _ yield

div1 _ digger (14€)(1+ €jx2)

= — 4. 5.23
l+e— dite 144 >:23)
This tells us how to define B: Let
. diiq
dipg = —L—
j+1 1+ € )
8 ej
& = — 9 5.24
J I ( )
. 60 )
i+1 = Qj+1 )
’ ’ 1+ e+
so (5.23) becomes 3
B A
djgy = LWL 5,
Clj + €5

Note from (5.24) that B differs from B by a relative change of at most 1.5¢ in
each entry (from the three 1 + € factors in ¢ 41 = b]2-+1,j+1).
Now we can define ¢; and é; in B by

G =d; + ¢,
tj = (Gj+1/d)),
& = ¢ 1j,

dj+1 = dj -fj — 0.
This is one step of the dqds algorithm applied exactly to B, getting B. To
finally show that B differs from B by a relative change of at most € in each
entry, note that

g = dj+e
d; e;
J + J

1+ €5—1,— 1+ €5—1,—

1
(14 &)1+ €1,

= (dj+ej)(1+e€4)-

1
(14 ¢j4) (1 +€j-1,-)

~
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and
& = €& EJ
_ e . git
L+ei1- G
€j
= — - ti1 ; 1 1
1 + € j, %2
= ejt](l + €j7*1)T€]-*1
J7
— & 14 €552 O
N J 1+ €551

5.4.3. Jacobi’'s Method for the SVD

In section 5.3.5 we discussed Jacobi’s method for finding the eigenvalues and
eigenvectors of a dense symmetric matrix A, and said it was the slowest avail-
able method for this problem. In this section we will show how to apply
Jacobi’s method to find the SVD of a dense matrix G by implicitly applying
Algorithm 5.8 of section 5.3.5 to the symmetric matrix A = GTG. This implies
that the convergence properties of this method are nearly the same as those
of Algorithm 5.8, and in particular Jacobi’s method is also the slowest method
available for the SVD.

Jacobi’s method is still interesting, however, because for some kinds of
matrices GG, it can compute the singular values and singular vectors much
more accurately than the other algorithms we have discussed. For these G,
Jacobi’s method computes the singular values and singular vectors to high
relative accuracy, as described in section 5.2.1.

After describing the implicit Jacobi method for the SVD of G, we will
show that it computes the SVD to high relative accuracy when G can be
written in the form G = DX, where D is diagonal and X is well conditioned.
(This means that G is ill conditioned if and only if D has both large and small
diagonal entries.) More generally, we benefit as long as X is significantly better
conditioned than G. We will illustrate this with a matrix where any algorithm
involving reduction to bidiagonal form necessarily loses all significant digits in
all but the largest singular value, whereas Jacobi computes all singular values
to full machine precision. Then we survey other classes of matrices G for
which Jacobi’s method is also significantly more accurate than methods using
bidiagonalization.

Note that if G is bidiagonal, then we showed in section 5.4.2 that we could
use either Bisection or the dqds algorithm (section 5.4.1) to compute its SVD
to high relative accuracy. The trouble is that reducing a matrix from dense
to bidiagonal form can introduce errors that are large enough to destroy high
relative accuracy, as our example will show. Since Jacobi’s method operates on
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the original matrix without first reducing it to bidiagonal form, it can achieve
high relative accuracy in many more situations.

The implicit Jacobi method is mathematically equivalent to applying Al-
gorithm 5.8 to A = GTG. In other words, at each step we compute a Jacobi
rotation J and implicitly update GTG to JTGTG.J, where J is chosen so that
two offdiagonal entries of GTG are set to zero in J'GTGJ. But instead of
computing GTG or JTGTGJ explicitly, we instead only compute G.J. For this
reason, we call our algorithm one-sided Jacobi rotation.

ALGORITHM 5.12. Compute and apply a one-sided Jacobi rotation to G in
coordinates j, k:

proc One-Sided-Jacobi-Rotation (G, j, k)
Compute a;; = (GTG);;, aji = (GTG)jk, and apr, = (GT Q)
if |ajk| is not too small
7= (aj; — arx)/(2 - ajr)
t =sign(7)/(|7| + V1+ 72)
c=1/V1+t?

s=c-t
G=G-R(jk,0) ... where ¢ =cosf and s = sin@
if Tight singular vectors are desired
J=J-R(j,k,0)
end if
end if

Note that the jj, jk, and kk entries of A = GTG are computed by proce-
dure One-Sided-Jacobi-Rotation, after which it computes the Jacobi rotation
R(j, k,0) in the same way as procedure Jacobi-Rotation (Algorithm 5.5).

ALGORITHM 5.13. One-sided Jacobi: Assume that G is n-by-n. The outputs
are the singular values o;, the left singular vector matrix U, and the right
singular vector matriz V so that G = UXVT, where ¥ = diag(o;).

repeat
forj=1ton—-1
fork=j3+1ton
call One-Sided-Jacobi-Rotation(G, j, k)
end for
end for
until GT G is diagonal enough
Let 0; = ||G(:,9)||2 (the 2-norm of column i of G)
Let U = [uy, ..., uy), where u; = G(:,1)/0;
let V = J, the accumulated product of Jacobi rotations
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Question 5.22 asks for a proof that the matrices 3, U, and V computed by
one-sided Jacobi do indeed form the SVD of G.

The following theorem shows that one-sided Jacobi can compute the SVD to
high relative accuracy, despite roundoff, provided that we can write G = DX,
where D is diagonal and X is well conditioned.

THEOREM 5.15. Let G = DX be an n-by-n matriz, where D is diagonal and
nonsingular, and X is nonsingular. Let G be the matriz after calling One-
Sided-Jacobi-Rotation(G, j, k) m times in floating point arithmetic. Let oq >
<o > o, be the singular values of G, and let 61 > --- > &, be the singular
values of G. Then

19 =%l _ o(meyn(x), (5.25)
o

where k(X) = || X|| - || X Y| is the condition number of X. In other words, the

relative error in the singular values is small if the condition number of X is

small.

Proof. We first consider m = 1; i.e., we apply only a single Jacobi rotation
and later generalize to larger m.

Examining One-Sided-Jacobi-Rotation(G, j, k), we see that G = fi(G - R),
where R is a floating point Givens rotation. By construction, R differs from
some exact Givens rotation R by O(e) in norm. (It is not important or nec-
essarily true that R differs by O(e) from the “true” Jacobi rotation, the one
that One-Sided-Jacobi-Rotation(G, j, k) would have computed in exact arith-
metic. It is necessary only that that it differs from some rotation by O(e).
This requires only that ¢? + s* = 1 4+ O(g), which is easy to verify.)

Our goal is to show that G = GR(I + E) for some E that is small in
norm: ||E|z = O(e)s(X). If E were zero, then G and GR would have the
same singular values, since R is exactly orthogonal. When E is less than one
in norm, we can use Corollary 5.2 to bound the relative difference in singular

values by
o — &
| = L BT+ BT Il = B+ BT+ EET|, < 3B
(A
= O(e)r(X) (5.26)
as desired.

Now we construct F. Since R multiplies G on the right, each row of G
dAepends only on the;orrespondingA row of G; write this in Matlab notation as
G(i,:) = l(G(i,:) - R). Let FF = G — GR. Then by Lemma 3.1 and the fact
that G = DX,

IE ()2 = G i,:) = Gi. ) Rll2 = OE)IG(, ) |l2 = O) i X (0,:) 12
and so ||d;;' F(i,:)||2 = O(€)||X(i,:)||2, or [[D71F|ls = O(g)|| X ||2. Therefore,
since R°! = RT and G™' = (DX)"! = X~!D™ !,

G=GR+F=GRI+RT'G'F)=GR(I+R'X'D'F)=GR(I +E)
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where
IEll2 < [RT 2| X 2 D7 Fll2 = O@) [ X [l2l| X 2 = O(e)r(X)

as desired.

To extend this result to m > 1 rotations, note that in exact arithmetic
we would have G = GR = DXR = DX, with x(X) = x(X), so that the
bound (5.26) would apply at each of the m steps, yielding bound (5.25). Be-
cause of roundoff, £(X) could grow by as much as x(I+E) < (14+0(e)x(X)) at
each step, a factor very close to 1, which we absorb into the O(me)
term. O

To complete the algorithm, we need to be careful about the stopping cri-
terion, i.e. how to implement the statement “if |aji| is not too small” in
Algorithm 5.12, One-Sided-Jacobi-Rotation. The appropriate criterion

|ajk| = e/ajjark

is discussed further in Question 5.24.

EXAMPLE 5.9. We consider an extreme example G = DX where Jacobi’s
method computes all singular values to full machine precision; any method
relying on bidiagonalization computes only the largest one, v/3, to full machine
precision; and all the others with no accuracy at all (although it still computes
them with errors +0(¢) - v/3, as expected from a backward stable algorithm).
In this example ¢ = 2753 a~ 1071¢ (IEEE double precision) and n = 1072 (any
value of n < € will do). We define

n 1 1 1 1 n 1 1 1
_|mmn 00| _1| 7 1100 _4
G_nOUO_ n 101O*DX'
n 0 0 n n!| (1 001

To at least 16 digits, the singular values of G are v/3, v/3 -7, n, and n. To
see how accuracy is lost by reducing G to bidiagonal form, we consider just
the first step of the algorithm section 4.4.7: After step 1, premultiplication by
a Householder transformation to zero out G(2 : 4,1), G in exact arithmetic
would be

o —. _5%7 - —g —.5—%
0 —.5+§ 5§ _'5_§ |
0 -5-1 —5+2 —5-1
0 -5-2 -5-2 542

but since 7 is so small, this rounds to

—2p -5 -5 —.5
0 -5 -5 —5
0 -5 —5 —5
0 -5 -5 —5

Gy =



The Symmetric Eigenproblem and SVD 253

Note that all information about n has been “lost” from the last three columns
of G1. Since the last three columns of G are identical, GG; is exactly singular
and indeed of rank 2. Thus the two smallest singular values have been changed
from 7 to 0, a complete loss of relative accuracy. If we made no further rounding
errors, we would reduce G to the bidiagonal form

with singular values v/3, v/3n, 0, and 0, the larger two of which are accurate
singular values of G. But as the algorithm proceeds to reduce GG; to bidiagonal
form, roundoff introduces nonzero quantities of O(e) into the zero entries of B,
making all three small singular values inaccurate. The two smallest nonzero
computed singular values are accidents of roundoff and proportional to €.

One-sided Jacobi’s method has no difficult with this matrix, converging in
three sweeps to G = ULV, where to machine precision

[

L/ R/

om0 PR

A L n =2 - = = =
U= Ay d L v=l, 3T

V3. V2 3 6 V2 V3 VE

o o 2 0 = L 2

V3 v2 3 V6 V2 V3 Ve

and ¥ = diag(v/3n,1,v/3,7). (Jacobi does not automatically sort the singular
values; this can be done as a postprocessing step.) ¢

Here are some other examples where versions of Jacobi’s method can be
shown to guarantee high relative accuracy in the SVD (or symmetric eigen-
decomposition), whereas methods relying on bidiagonalization (or tridiago-
nalization) may lose all significant digits in the smallest singular value (or
eigenvalues). Many other examples appear in [74].

1. If A= LL" is the Cholesky decomposition of a symmetric positive def-
inite matrix, then the SVD of L = USVT provides the eigendecompo-
sition of A = UX2UT. If L = DX, where X is well-conditioned and D
is diagonal, then Theorem 5.15 tells us that we can use Jacobi’s method
to compute the singular values o; of L to high relative accuracy, with
relative errors bounded by O(g)k(X). But we also have to account for
the roundoff errors in computing the Cholesky factor L: using Cholesky’s
backward error bound (2.16) (along with Theorem 5.6) one can bound
the relative error in the singular values introduced by roundoff during
Cholesky by O(g)x%(X). So if X is well-conditioned, all the eigenvalues
of A will be computed to high relative accuracy (see Question 5.23 and
[81, 90, 181]).
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ExXAMPLE 5.10. As in Example 5.9, we choose an extreme case where
any algorithm relying on initially reducing A to tridiagonal form is guar-
anteed to lose all relative accuracy in the smallest eigenvalue, whereas
Cholesky followed by one-sided Jacobi’s method on the Cholesky factor
computes all eigenvalues to nearly full machine precision. As in that
example, let n = 10720 (any n < £/120 will do), and let

(NG NG} 1 1071 1071
A=|m 1 10p |=|1071° 1 107"
Vi 10n 100n 10719 1071 10720

If we reduce A to tridiagonal form T exactly, then

1 V2
T=1+2n 5+60n .5-50n |,
b —580n .5+40n

but since 7 is so small, this rounds to

1 /2
T=1|+v2n b5 5],
B T

which is not even positive definite, since the bottom right 2-by-2 sub-
matrix is exactly singular. Thus, the smallest eigenvalues of T is non-
positive, and so tridiagonal reduction has lost all relative accuracy in
the smallest eigenvalue. In contrast, one-sided Jacobi’s method has no
trouble computing the correct square roots of eigenvalues of A, namely,
1+n=1410""%1-/n=1-10"19 and .99y = .99-10~%, to nearly
full machine precision. <

. For extensions of the preceding result to indefinite symmetric eigenprob-

lems, see [226, 248].

For extensions to the generalized symmetric eigenproblem A — AB and
the generalized SVD, see [65, 90].

Differential Equations and Eigenvalue Problems

We seek our motivation for this section from conservation laws in physics. We
consider once again the mass-spring system introduced in Example 4.1 and
reexamined in Example 5.1. We start with the simplest case of one spring and
one mass, without friction:
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m

—
We let « denote horizontal displacement from equilibrium. Then Newton’s
law F = ma becomes mi(t) + kx(t) = 0. Let E(t) = $mi?(t) + ska’(t) =
“kinetic energy” 4 “potential energy.” Conservation of energy tells us that
%E(t) should be zero. We can confirm this is true by computing %E(t) =
mz(t)Z(t) + kx(t)@(t) = @(t)(mz(t) + kx(t)) = 0 as desired.
More generally we have M i(t)+Kx(t) = 0, where M is the mass matriz and
K is the stiffness matriz. The energy is defined to be E(t) = $a7(t)Mi(t) +
2T (t)Kx(t). That this is the correct definition is confirmed by verifying that
it is conserved:

d d
ZE(t) = £<

%x‘T(t)M:'c(t) + %ﬂ@)m@))

= %(iT(t)Mjs(t) + 2T ()M (t) + &7 () K (t) + 27 () Ki(t))
= Tt Mi(t) + 27 (t)Kx(t)
= T () (Mi(t) + Kz(t)) =0,

where we have used the symmetry of M and K.

The differential equations M (t) + Kx(t) = 0 are linear. It is a remarkable
fact that some nonlinear differential equations also conserve quantities such as
“energy.”

5.5.1. The Toda Lattice

For ease of notation, we will write & instead of #(¢) when the argument is clear
from context.

The Toda lattice is also a mass-spring system, but the force from the spring
is an exponentially decaying function of its stretch, instead of a linear function:
B = e~ (@i—zio1) _ o—(Tiy1—2i)

We use the boundary conditions e~(*17%0) = 0 (i.e., 29 = —o0) and e~ (@n+1-7n)
=0 (i.e., Tp4+1 = +00). More simply, these boundary conditions mean there
are no walls at the left or right (see Figure 4.1).

Now we change variables to by = %e(l”f—mkﬂ)ﬂ and aj, = —%j:k. This yields
the differential equations

. 1 C 1, . .

b, = §e($k k+1)/2 5(5% — Tgy1) = bp(agsr — ag),

' L N (5.27)
ap = —59319 = 2(b; — bj—1)
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with bg = 0 and b, = 0. Now define the two tridiagonal matrices

a1 b 0 by
= |" and B=| :
bn—l R . bn—l
bn—1 Qnp, —bn—1 0
where B = —BT. Then one can easily confirm that equation (5.27) is the same

as % = BT — TB. This is called the Toda flow.

THEOREM 5.16. T'(t) has the same eigenvalues as T(0) for all t. In other
words, the eigenvalues, such as “energy,” are conserved by the differential equa-
tion.

Proof. Define %U = BU, U(0) = I. We claim that U(t) is orthogonal for all
t. To prove this, it suffices to show %UTU = 0 since UTU(0) = I:
d

%UTU =UTU +UTU =UTBTU +UTBU = ~-UTBU + UTBU =0

since B is skew symmetric.

Now we claim that T'(t) = U(t)T(0)UT (t) satisfies the Toda flow % =
BT — T'B, implying each T'(t) is orthogonally similar to 7'(0) and so has the
same eigenvalues:

%T(t) = UWTOUT() + UETO)UT (1)

as desired. O
Note that the only property of B used was skew symmetry, so if %T =
BT — TB and BT = —B, then T(t) has the same eigenvalues for all ¢.

THEOREM 5.17. Ast — 400 ort — —oo, T(t) converges to a diagonal matriz
with the eigenvalues on the diagonal.

Proof. We want to show b;(t) — 0 as t — foo. We begin by showing
[ b2 (t)dt < oo, We use induction to show Joo 3 () +02%_5(1))dt < o0
and then add these inequalities for all j. When j = 0, we get ffooo (b3(t) +
b2(t))dt, which is 0 by assumption.

Now let p(t) = a;(t) — an_j11(t). @(t) is bounded by 2||T(t)||2 = 2/|T(0)]]2
for all ¢. Then

pt) = a
= 2(05(t) = bj_1 () — 200541 (1) — bp (1)
= 2(05(t) + by (1) — 2(b5_1(t) — b4 (1)
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and so

o(r) — p(-7) = / B(t)dt

= 2/T (b?(t)+bi_j(t))dt—2/ (651 (t) + b2, (2))dt.

—T —T

The last integral is bounded for all 7 by the induction hypothesis, and ¢(7) —
¢(—7) is also bounded for all 7, so [7° (b? (t)+ bfl_j (t))dt must be bounded as
desired.

Let p(t) = 2?2_11 b?(t). We now know that [ p(t)dt < oo, and since
p(t) > 0 we want to conclude that lim; 4. p(t) = 0. But we need to exclude
the possibility that p(t) has narrow spikes as t — £oo, in which case | fooo p(t)dt
could be finite without p(t) approaching 0. We show p(¢) has no spikes by
showing its derivative is bounded:

n—1 n—1
B =D 2bi(0)bi(t)| = | 267 (D) (@i1 () — i) | < 4(n = D|T[5. O
i=1 =1

Thus, in principle, one could use an ODE solver on the Toda flow to solve
the eigenvalue problem, but this is no faster than other existing methods. The
interest in the Toda flow lies in its close relationship with with QR algorithm.

DEFINITION 5.5. Let X _ denote the strictly lower triangle of X, and mo(X) =
X —-xT

Note that mp(X) is skew symmetric and that if X is already skew symmet-
ric, then mo(X) = X. Thus m projects onto skew symmetric matrices.
Consider the differential equation

d

—T=BT-TB 5.28

? , (5.28)
where B = —mo(F(T)) and F is any smooth function from the real numbers

to the real numbers. Since B = — BT, Theorem 5.16 shows that T(¢) has the
same eigenvalues for all ¢. Choosing F(x) = x corresponds to the Toda flow
that we just studied, since in this case

—bp—1 0

The next theorem relates the QR decomposition to the solution of differential
equation (5.28).
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THEOREM 5.18. Let F(T(0)) = Fy. Let etfo = Q(t)R(t) be the QR decompo-
sition. Then T(t) = QT (t)T(0)Q(t) solves equation (5.28).

We delay the proof of the theorem until later. If we choose the function F' cor-
rectly, it turns out that the iterates computed by QR iteration (Algorithm 4.4)
are identical to the solutions of the differential equation.

DEFINITION 5.6. Choosing F(z) = log x in equation (5.28) yields a differential
equation called the QR flow.

COROLLARY 5.3. Let F(z) = logx. Suppose that T(0) is positive definite, so
logT(0) is real. Let Ty = T(0) = QR, Th = RQ, etc. be the sequence of
matrices produced by the unshifted QR iteration. Then T(i) = T;. Thus the
QR algorithm gives solutions to the QR flow at integer times t.%?

Proof of Corollary. At t = 1, we get e!!870 = T, = Q(1)R(1), the QR
decomposition of Ty, and T(1) = QT(1)TpQ(1) = R(1)Q(1) = Ty as desired.
Since the solution of the ODE is unique, this extends to show T'(i) = T; for
larger 7. O

The following figure illustrates this corollary graphically. The curve repre-
sents the solution of the differential equation. The dots represent the solutions
T(i) at the integer times ¢t = 0,1,2,..., and indicates that they are equal to
the QR iterates T;.

TH=T T(2) = Ty

Proof of Theorem 5.18. Differentiate e'** = QR to get

FoetFO = QR + QR
or Q = Fet™R™' — QRR™!
or QTQ = QTFe!™R™' — RR™!
= QTFy(QR)R™'—RR™' because e = QR
= QTF(T(O))Q — RR™! because Fy=F(T(0))
= F(Q"T(0)Q) — RR™*
= F(T)- RR™.

22Note that since the QR decomposition is not completely unique (Q can be replaced by
QS and R can be replaced by SR, where S is a diagonal matrix with diagonal entries +1), T;
and T'(7) could actually differ by a similarity 7; = ST(i)S~'. For simplicity we will assume
here, and in Corollary 5.4, that S has been chosen so that T; = T'(7).
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Now I = Q"Q implies that 0 = £Q7Q = Q"Q+Q"Q = (Q"Q)" +(Q"Q).
This means QT Q is skew symmetric, and so mo(QTQ) = QTQ = m(F(T) —
RRfl). Since RR™! is upper triangular, it doesn’t affect mg and so finally
QTQ = no(F(T)). Now

4T(t) = £QT(MT(0)Q(t)

QTT( )Q + QTT(0)Q '
QT(QQTT(0)Q + QTT(0)(QRT)Q
= QTQT)+T(H)QTQ

—QTQT(t) + T(HQ"Q

= —mo(F(T(t)T(t) + T(t)mo(F(T(t)))

as desired. O

The next corollary explains the phenomenon observed in Question 4.15,
where QR could be made to “run backward” and return to its starting matrix.
See also Question 5.25.

COROLLARY 5.4. Suppose that we obtain Ty from the positive definite matriz
Ty by the following steps:

1. Do m steps of the unshifted QR algorithm on Ty to get 1.

2. Let Ty = “flipped T1” = J1T1J, where J equals the identity matrix with
its colummns in reverse order.

3. Do m steps of unshifted QR on Ty to get Tj.
4. Let Ty = JT3J.
Then T4 = T().

Proof. If X = X1 it is easy to verify that mo(JXJ) = —Jm(X)J so
T;(t) = JT(t)J satisfies

4Tit) = JLT(t)J

= [ o(f(T)T + Tmo(F(T))]J

= —Jno(F(T))J(JTJ) + (JTJ)Jmo(F(T))J since J2 =1

= mo(JF(T)J)Ty — Tymo(JF(T)J)

= mo(F(JTJ)Ty — Tymo(F(JTJ))
(F(Ty))T; — Tymo(F(Ty)).

= ’]TO
This is nearly the same equation as T'(t). In fact, it satisfies ezactly the same
equation as T'(—t):

Dty = L1, = ro(FO))T + Tro(F(TY)],.

So with the same initial conditions T, T(t) and T'(—t) must be equal. Inte-
grating for time m, T'(—t) takes To = JT1J back to JTyJ, the initial state, so
T35 = JIyJ and Ty = JI3J =T} as desired. O
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5.5.2. The Connection to Partial Differential Equations

This section may be skipped on a first reading.
2 3
Let T(t) = — 25 + q(z,t) and B(t) = 425 + 3(q(z,t) & + Zq(a,t)).
Both T'(t) and B(t) are linear operators on functions, i.e., generalizations of
matrices.

Substituting into 4 = BT — T'B yields

qt = GQQm — Qrax, (529)

provided that we choose the correct boundary conditions for ¢. (B must be
skew symmetric and 7' symmetric.) Equation (5.29) is called the Korteweg—
de Vries equation and describes water flow in a shallow channel. One can
rigorously show that (5.29) preserves the eigenvalues of T'(¢) for all ¢ in the
sense that the ODE

<_83; + q(x,t)> h(z) = Ah(z)

has some infinite set of eigenvalues A\, Ao, ... for all ¢. In other words, there
is an infinite sequence of energylike quantities conserved by the Korteweg—de
Vries equation. This is important for both theoretical and numerical reasons.

For more details on the Toda flow, see [142, 168, 66, 67, 237] and papers
by Kruskal [164], Flaschka [104], and Moser [185] in [186].

5.6. References and Other Topics for Chapter 5

An excellent general reference for the symmetric eigenproblem is [195]. The
material on relative perturbation theory can be found in [74, 81, 99]; sec-
tion 5.2.1 was based on the latter of these references. Related work is found
in [65, 90, 226, 248] A classical text on perturbation theory for general linear
operators is [159]. For a survey of parallel algorithms for the symmetric eigen-
problem, see [75]. The QR algorithm for finding the SVD of bidiagonal matrices
is discussed in [79, 66, 118], and the dqds algorithm is in [102, 198, 207]. For
an error analysis of the Bisection algorithm, see [72, 73, 154], and for recent
attempts to accelerate Bisection see [103, 201, 199, 174, 171, 173, 267]. Current
work in improving inverse iteration appears in [103, 199, 201]. The divide-and-
conquer eigenroutine was introduced in [58] and further developed in [13, 88,
125, 129, 151, 170, 208, 232]. The possibility of high-accuracy eigenvalues ob-
tained from Jacobi is discussed in [65, 74, 81, 90, 181, 226]. The Toda flow and
related phenomena are discussed in [66, 67, 104, 142, 164, 168, 185, 186, 237].
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5.7. Questions for Chapter 5

QUESTION 5.1. (Easy; Z. Bai) Show that A = B+iC' is Hermitian if and only
if
M= [ B -C }

¢ B

is symmetric. Express the eigenvalues and eigenvectors of M in terms of those
of A.

QUESTION 5.2. (Medium) Prove Corollary 5.1, using Weyl’s theorem (Theo-
rem 5.1) and part 4 of Theorem 3.3.

QUESTION 5.3. (Medium) Consider Figure 5.1. Consider the corresponding
contour plot for an arbitrary 3-by-3 matrix A with eigenvalues a3 < as < a;.
Let Cy and Cy be the two great circles along which p(u, A) = aa. At what
angle do they intersect?

QUESTION 5.4. (Hard) Use the Courant-Fischer minimax theorem (Theorem
5.2) to prove the Cauchy interlace theorem:

H
bT
(n — 1)-by-(n — 1). Let a,, < --- < a1 be the eigenvalues of A and
Op—1 < -+ < 61 be the eigenvalues of H. Show that these two sets of
eigenvalues interlace:

e Suppose that A = | Z | is an m-by-n symmetric matrix and H is

ap <Op 1< <6< <01 <1< <0 <a.

oLetA:[]_fT

-+ < #y. Show that the eigenvalues of A and H interlace in the sense
that a1 (,—m) < 0; <  (or equivalently a; < 6, (n_m) < O (n_m))-

5 | be n-by-n and H be m-by-m, with eigenvalues 6, <

QUESTION 5.5. (Medium) Let A = AT with eigenvalues oy > -+ > ay,. Let
H = HT with eigenvalues 6y > --- > 6,. Let A+ H have eigenvalues \; >
.-+ > Ap. Use the Courant-Fischer minimax theorem (Theorem 5.2) to show
that o + 0, < \j < o +01. If H is positive definite, conclude that \; > «;.
In other words, adding a symmetric positive definite matrix H to another
symmetric matrix A can only increase its eigenvalues.

This result will be used in the proof of Theorem 7.1.

QUESTION 5.6. (Medium) Let A = [A1, A2] be n-by-n, where Ay is n-by-m
and Ap is n-by-(n — m). Let o1 > --- > o, be the singular values of A
Ty > -++ > T, be the singular values of A;. Use the Cauchy interlace theorem
from Question 5.4 and part 4 of Theorem 3.3 to prove that o; > 7; > 0j1n_m.
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QUESTION 5.7. (Medium) Let ¢ be a unit vector and d be any vector orthog-
onal to q. Show that ||(¢ + d)q” — I|l2 = ||g + d||2. (This result is used in the
proof of Theorem 5.4.)

QUESTION 5.8. (Hard) Formulate and prove a theorem for singular vectors
analogous to Theorem 5.4.

QUESTION 5.9. (Hard) Prove bound (5.6) from Theorem 5.5.
QUESTION 5.10. (Harder) Prove bound (5.7) from Theorem 5.5.

QUESTION 5.11. (Easy) Suppose § = 6403, where all three angles lie between
0 and 7/2. Prove that %sin 20 < %Sin 201 + %sin 205. This result is used in
the proof of Theorem 5.7.

QUESTION 5.12. (Hard) Prove Corollary 5.2. Hint: Use part 4 of Theorem 3.3.

QUESTION 5.13. (Medium) Let A be a symmetric matrix. Consider running
shifted QR iteration (Algorithm 4.5) with a Rayleigh quotient shift (o; = any)

at every iteration, yielding a sequence 01,09, ... of shifts. Also run Rayleigh
quotient iteration (Algorithm 5.1), starting with xq = [0,...,0,1]7, yielding
a sequence of Rayleigh quotients p1, p2,.... Show that these sequences are

identical: o; = p; for all 4. This justifies the claim in section 5.3.2 that shifted
QR iteration enjoys local cubic convergence.

QUESTION 5.14. (Easy) Prove Lemma 5.1.

QUESTION 5.15. (Easy) Prove that if t(n) = 2t(n/2) + en® + O(n?), then
t(n) ~ c%ng’. This justifies the complexity analysis of the divide-and-conquer
algorithm (Algorithm 5.2).

QUESTION 5.16. (Easy) Let A = D 4+ puu”, where D = diag(dy, ...,d,) and
u = [ug,...,uy|’. Show that if d; = d;y1 or u; = 0, then d; is an eigenvalue
of A. If w; = 0, show that the eigenvector corresponding to d; is e;, the
ith column of the identity matrix. Derive a similarly simple expression when
d; = dijy1. This shows how to handle deflation in the divide-and-conquer
algorithm, Algorithm 5.2.

QUESTION 5.17. (Easy) Let 1) and ¢’ be given scalars. Show how to compute
scalars ¢ and ¢ in the function definition h(A) = ¢ + 7% so that at A = ¢,
h(§) =, and B'(€) = ¢)'. This result is needed to derive the secular equation
solver in section 5.3.3.

QUESTION 5.18. (Easy; Z. Bai) Use the SVD to show that if A is an m-
by-n real matrix with m > n, then there exists an m-by-n matrix ¢ with
orthonormal columns (Q7Q = I) and an n-by-n positive semidefinite matrix P
such that A = QP. This decomposition is called the polar decomposition of A,
because it is analogous to the polar form of a complex number z = ¢*'2(2) .| z|.)
Show that if A is nonsingular, then the polar decomposition is unique.
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QUESTION 5.19. (Easy) Prove Lemma 5.5.
QUESTION 5.20. (Easy) Prove Lemma 5.7.

QUESTION 5.21. (Hard) Prove Theorem 5.13. Also, reduce the exponent 4n —
2 in Theorem 5.13 to 2n — 1. Hint: In Lemma 5.7, multiply D; and divide Do
by an appropriately chosen constant.

QUESTION 5.22. (Medium) Prove that Algorithm 5.13 computes the SVD of
G, assuming that GT'G converges to a diagonal matrix.

QUESTION 5.23. (Harder) Let A be an n-by-n symmetric positive definite
matrix with Cholesky decomposition A = LL”, and let L be the Cholesky fac-
tor computed in floating point arithmetic. In this question we will bound
the relative error in the (squared) singular values of L as approximations
of the eigenvalues of A. Show that A can be written A = DAD, where
D = diag(a%{{ . a%) and a; = 1 for all . Write L = DX. Show that
K2(X) = KZ(A). Usmg bound (2.16) for the backward error §A of Cholesky
A+6A = LLT, show that one can write LTL = YTLTLY , where ||[YTY — If2 <

O(e)k(A). Use Theorem 5.6 to conclude that the eigenvalues of LTL and
of LTL differ relatively by at most O(g)x(A). Then show that this is also
true of the eigenvalues of LLT and LLT. This means that the squares of

the singular values of L differ relatively from the eigenvalues of A by at most
O(e)k(A) = O(e)r%(L).

QUESTION 5.24. (Harder) This question justifies the stopping criterion for
one-sided Jacobi’s method for the SVD (Algorithm 5.13). Let A = GTG,
where G' and A are n-by-n. Suppose that |a;| < €,/ajag for all j = k. Let
op < -+ < o1 be the singular values of G, and 047% <. < 04% be the sorted
diagonal entries of A. Prove that |o; — a;| < nelay| so that the «; equal the
singular values to high relative accuracy. Hint: Use Corollary 5.2.

QUESTION 5.25. (Harder) In Question 4.15, you “noticed” that running QR
for m steps on a symmetric matrix, “flipping” the rows and columns, running
for another m steps, and flipping again got you back to the original matrix.
(Flipping X means replacing X by JXJ, where J is the identity matrix with
its row in reverse order.) In this exercise we will prove this for symmetric
positive definite matrices 1" using an approach different from Corollary 5.4.

Consider LR iteration (Algorithm 5.9) with a zero shift, applied to the
symmetric positive definite matrix 7' (which is not necessarily tridiagonal):
Let T =Ty = BTBO be the Cholesky decomp051t10n T, = ByBl = B By,
and more generally T; = B;_1 Bl | = BI'B;. Let T; denote the matrix obtamed
from T} after i steps of unshifted QR iteration; i.e., if T} = Q;R; is the QR
decomposition, then Ti+1 = R;Q;. In Lemma 5.6 we showed that Tl = Ty
i.e., one step of QR is the same as two steps of LR.
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1. Show that T; = (Bilei,Q s BO)iTTO(Bileifz < Bo)T.
2. Show that T; = (Bl',lBi,Q s BO)TO(Bileifz oo Bo)_l.

3. Show that Tg = (BiBi_1-+-Bo)T(B;B;_1 --- By) is the Cholesky decom-
position of Té.

4. Show that Té =(Qo - Qi—2Qi—1) - (Ri_lRi_Q -+ Ry) is the QR decom-
position of T§.

5. Show that TO% = (RQi_lRQi_Q ce RO)T(RQi_lRQi_Q ce Ro) is the
Cholesky decomposition of T¢.

6. Show the result after m steps of QR, flipping m steps of QR, and flipping,
is the same as the original matrix. Hint: Use the fact that the Cholesky
factorization is unique.

QUESTION 5.26. (Hard; Z. Bai) Suppose that z is an n-vector. Define the
matrix C by ¢;; = |x;|+|z;| —|x; —x;|. Show that C(z) is positive semidefinite.

QUESTION 5.27. (Easy; Z. Bai) Let

I B
(o 7)

with ||Blj2 < 1. Show that

L+ ||Bll2

All2|A7Yp = =12
L e P

QUESTION 5.28. (Medium; Z. Bai) A square matrix A is said to be skew
Hermitian if A* = —A. Prove that
1. the eigenvalues of a skew Hermitian are purely imaginary.

2. I — A is nonsingular.

3. C=(I—A)"YI+A)is unitary. C is called the Cayley transform of A.



