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INEXACT ITERATIONS
FOR THE APPROXIMATION OF
EIGENVALUES AND EIGENVECTORS

PAauL SMmiIT

APRIL 15, 1996

ABSTRACT

The algorithms of inverse iteration and Rayleigh quotient iteration for approxi-
mating an eigenpair of a matrix contain a step in which a matrix-vector equation
must be solved. The behaviour of these algorithms is analysed if this equation
is solved only approximately with a known tolerance.

1 INTRODUCTION

Eigenvalues of matrices play important roles in many situations and the problem of
approximating them has led to a variety of algorithms. For large sparse matrices, the
algorithms which need the matrix only for the purpose of matrix-vector multiplications
are very popular.

The simplest method based on this idea is the power method which multiplies an
arbitrary starting vector with powers of the matrix. Under certain conditions the
iteration vectors converge to an eigenvector corresponding to the absolute largest
eigenvalue. In order to be able to calculate other eigenvalues the matrix can be
shifted and inverted to make a certain eigenvalue correspond to the absolute largest
of the transformed matrix. Then the power method can be applied as before. This
process is called the inverse iteration method. In practice the inversion of the matrix
is numerically expensive for large matrices. The alternative is to solve matrix-vector
equations in each step without using the inverse matrix explicitly. For this are also
many algorithms available and in the case of large sparse matrices the techniques
based on the projection on Krylov subspaces are the first choice.

The last approach leads to another problem. The iterative algorithms for solving a
matrix-vector equation need a stopping criterion. Usually the algorithm stops if the
residual of the approximate solution is smaller than a tolerance provided by the user.
This means that a suitable choice is to be made in the eigenvalue algorithm for this
tolerance. Of course, the equations could be solved with maximal accuracy, but in
general this requires many iterations of the solver. If a larger tolerance would also give
satisfying results, the costs of the algorithm would be reduced. In each iteration step



we want a tolerance which does not spoil the convergence of the eigenvalue algorithm
on the one hand and is not much larger than necessary to accomplish this on the other
hand. The structure of the resulting eigenvalue algorithm can be seen as two nested
loops and the question is how the tolerance of the inner loop affects the error in the
outer loop. This asks for an analysis of the convergence behaviour with respect to the
tolerance.

Two iterative algorithms will be analysed here: inverse iteration and Rayleigh quotient
iteration. Only the case of symmetric matrices will be considered here, because the
unsymmetric case has many complications.

DEFINITION 1.1: A is a real symmetric n X n matrix. Av; = Ajv; with v =1
fori=1,...,n where || - || denotes the norm || - ||5.

In order to be able to discuss the error in an approximation of an eigenvector or
eigenvalue three different measures of the error are introduced in section 2 and in a
series of lemmata they are related to each other. The results in that section will be
used in the next ones.

Inverse iteration and Rayleigh quotient iteration are analysed in section 3 and section
4 respectively. The results of numerical experiments are also presented there.

2 MEASURES OF THE ERROR

Let = be a vector of length one and § = 2 Az, the Rayleigh quotient of z with respect
to A. We would like to see the pair z,  as an approximation of the eigenpair vy, A;. It
is supposed that A; has multiplicity one. To say something about the quality of this
approximation we need a measure of the error. There are several possible choices.

e The error in z can be represented in terms of functions of ¢,, the angle between
z en v;. A disadvantage of these expressions is that they can not be calculated
in practical situations because the eigenvector is unknown.

e |60 — A;| gives the distance from the Rayleigh quotient to the eigenvalue. Again
this is an unknown number in practice. A more serious disadvantage is that it
can occur that this expression is small by coincidence, while at the same time
z 1s far from v;.

o A familiar expression for the error of an approximate eigenpair is the residual
|Az — 0z||. A great advantage is that it can be calculated in practical situations
because it does not need the knowledge of the eigenvector or eigenvalue. But
the disadvantage here is that the residual is small in the neighbourhood of any
eigenpair, so a small residual can not lead to the conclusion that we have a good
approximation of v; and A;.

It is useful to know how these three expressions relate to each other. This is the
subject of the rest of the section.



DEFINITION 2.1: Let (A — A;I)" denote the pseudo-inverse (see [1]) of the matrix
(A —\I).

pmin = (A= XNI)*|7 = min X — |
Pmax = |[A—XMI| = max | A — A1
The vector z with ||z|| = 1 is decomposed as ¢ = y,v; +w where w | v;. § = zT Az.

The residual is denoted by r = Az — 6z. For any vector u is the angle 0 < ¢, < 7
defined by cos ¢, = v |

llull

Some relations which are useful further on are stated in the next lemma.

LEMMA 2.2:

6 — )\1 = ’LUT(A — )\1])’11]
r = (I-— ar:'wT)(A — Mlw
r 1 =z
If z= (A — AI)w, then:

w = (A-\I)tz
Il < =

Proor:

8- = 2TAz— A\ = Y+ wlAw — XA = X\(7 — 1) + vl Aw
= —Mwlw+wl Aw = wT(A —MDNw
r = Ae—0e=(A— M)z — (6 — Az
= (A—-MDw— mwT(A —MDNw=(I- m'wT)(A — Mlw
eTr = 2TAz — 0272 = 2T Az — 2TAz =0

Let z = (A — A\ D)w, then (A — A\ )tz = (A — M I)T(4 — M Dw w, because
(A— A I)"(A— A1) is an orthogonal projection on the row space of (A — A;T), which
contains w, because (A — A;]) is symmetric.

Now r = (I — ar:'wT)z. If w = z then:

Il = (I — ww®)z|| < 2]

If w # z then (I — mwT) is invertible with inverse (I + z;”—zT), so we have for z:

T T
z=(I—zw)r= (I—I—mu; )r:r—l—mw;
71 71

Because » 1 = we have:

r|? wlr\?
= |Ir)I* + ( 5 ) > |Irl?
71

3

,wT

r+x 12

2] =




So in all cases is ||7|| < ||z]|. [T

We want to bound each of the numbers ¢,, |§ — A;| and ||7|| in terms of another. This
leads to six inequalities. The first two reflect the fact that if ¢, is small, then |6 — A|

and ||r|| are also small.

LEMMA 2.3:

|0 - )‘1| S Pmax SiIlZ (;Zsm

PRrOOF: From lemma 2.2 we have:
00—\ = wT(A — Mlw
Which implies:
0= M| < 14 = MT| [0l = praaesin® b

-1
LEMMA 2.4:
||Am - HmH < Pmax Sin o
PRroOOF: From lemma 2.2 we have:
7] < I(A = AMDw|| < [JA = Al [|w]| = pmax sin @5
-1

The next two lemmata are concerned with bounds in terms of the residual. As we said
before a small residual does not imply that the approximation is close to the wanted
eigenpair. Therefore it is necessary to give an additional condition in lemma 2.5 and
a different function of ¢, in lemma 2.6.

LEMMA 2.5: If |§ — A;| = min; |§ — A;|, then:

16— | < || Ao — 6a]

PRrOOF: Let | — A;| = min; |6 — A;].
Il = [[(A = 1)z > min [A; — 6] [[z]| = [0 — A

LEMMA 2.6:

5in ¢ €08 G < proiy|| Az — |




PRroOOF: From lemma 2.2 we have:
r=(I— ar:'wT)(A — Mlw

If w = # then cos¢, = 0 and in this case the statement is true. If w # z then
(I — zw?) is invertible, so:

T
w = (A—,\11)+(I+”;)r
71
wT
r+x 5
71

lwl® < [I(A=MD)T|”

2 T,..\2
r 3 (w'r)
= Prin (||"°||2 +— )
Y1

We would like to have an upperbound of w”r that is as small as possible. Note that

wlr = (w+ cm)T'r for any ¢ because r L z. Now take ¢ such that ||w + cz|| is minimal.
This is achieved when (w + cz) | z, which gives ¢ = —wTw. Substituting this gives:
||w — ar:'wT'wH2 = wlw+ a:Tar:('wT'w)2 — 2wl zwTw
= wlw+ ('wT )2 — 2('wT'w)2
whw(l —w'w) = |lw|*}
(w'r)? = ((w—ew w)'r)* < [lw—zww|||r|* = 77 |lw||r|*

712||w||2||"°||2)
4

ol < p22 (||r||2 ;
1

e
1

Pamiall?
ot

Ml el < izl

The last inequalities concern bounds in |A; — |. If A; is not an extreme eigenvalue
no conclusions for ¢, or ||r|| can be based on this number. This is shown by the next
counter example.

Assume that A; = Y, 6;A; with all §; > 0 and >}, 6; = 1. Choose ¢, arbritrarily,
let 41 = cos ¢, and for all 7 > 2 let y; = 4/§; sin ¢,. With z = > viv; we have:

2> = Y47 =cos®¢s+ Y isin® g, =1
0 = zTAz= Z )\i'yz-z — A cos? Oz + Z X;6; sin? Or = A1
=2

=1

So A; being extreme is essential here.

LEMMA 2.7: If A; is an extreme eigenvalue, then:

sin’ ¢, < prinld — A

min




PRrROOF: Because A is an extreme eigenvalue, (A — A, ), restricted to the orthogonal
complement of vy, is definite, so using lemma 2.2:

0l = [wT(A~ ADw| > min A~ Al [l = punl 0]

[wl® < prinlf — i

LEMMA 2.8: If A; is an extreme eigenvalue, then:

| Az — 621> < prnex 16— A

ProoOF: Let z = (A — A I)w, then lemma 2.2 gives:
-2 = w(A-MDNw=2"(A-N)T(A-\I)(A-N])T2
= zT(A — M)tz

Because A; is an extreme eigenvalue, (A — A1 I)*, restricted to the orthogonal com-
plement of vy, is definite, so:

0 =Ml = [z7(A-MI)*z] > min (A = A7 {|2]]* = pra |2
1717 < Nl2l® < pemaxl — As
-1

As a final result we give relations for the special case that w is an eigenvector. This
can be important when z is an iteration vector in an algorithm like the power method.
After a number of steps this vector is almost the sum of the two eigenvectors corre-
sponding to the two dominating eigenvalues.

LEMMA 2.9: If w = y3v, then:

|Az — 0z|| = |As — A1]sin ¢, cos @,
|0—)\1| = |)\2 —)\1|Si112 ¢z
PRrOOF:
r = (I-— ar:'wT)(A —MDNw=(1 - ’)’vag)()\z — A1)Y202
= (A2 — A)r2(v2 — 722) = (A2 — A1 )v2(v2 — Y2101 — '722")2)
= ()‘2 - )‘1)’72(’7127)2 - ’72’711)1) = ()‘2 - )\1)’71’72(’71112 - ’727}1)
I?|l = |A2 — A1]sin ¢, cos @,
6 — )\1 = ’LUT(A — )\1])’11] = ’)’22()\2 — )\1)
|0—)\1| = |)\2 —)\1|Si112 ¢z



3 INEXACT INVERSE ITERATION

3.1 THE ALGORITHM

The simplest iterative algorithm for approximating an eigenvalue and eigenvector of
a matrix is the power method. It repeatedly multiplies the iteration vector with the
matrix. The largest eigenvalue whose eigenvector is represented in the starting vector
of the algorithm will dominate the rest and if this eigenvalue has multiplicity one the
iteration vectors converge to an eigenvector corresponding to this eigenvalue. See [1]
or [2] for more details about this algorithm and its rate of convergence. Here only the

algorithm itself is given.

ALGORITHM 3.1: Power method.
input: A, z,
for £k =1,2,..., kpax

Y = Az
ze = yn/ ||yl
Hk = mfAmk

end
output: 0., k..

If the eigenvalue of interest is not the largest in absolute value, then the power method
can be applied to the matrix (4 — kI)~!. This matrix has eigenvalues (A\; — k)™ (z =
1,...,n) and has the same eigenvectors as A. Now max; |A; — k™' = (min; |A; — &|) 71,
so if A; is the unique eigenvalue of A which is closest to &, then (A; — k)™ is the
unique largest eigenvalue of (A — xI)™'. If zo has a component in the direction of v;
then the sequence of vectors {(A — kI) *z,} will converge to this eigenvector. This
is the inverse iteration algorithm.

ALGORITHM 3.2: Inverse iteration.
input: A, s, zo
for £k =1,2,..., kpax
ye = (A— ) tzp_,
zr = yr/llyxll
Hk = mfAmk
end
output: 0., k..

The most important step in this iteration is the calculation of:
yr = (A —6l) 2y,

As was made clear in the introduction, the matrix is not really inverted in most
practical situations, but instead the following matrix-vector equation is solved:

(A — kl)yr = 1



Here we turn again to a practical aspect, namely the fact that this equation is not
solved exactly. Of course the machine precision is a barrier for exact computations of
this kind and the traditional error analysis is mostly concerned with this type. But
more important now is the fact that the user of the algorithm can specify the accuracy
with which the equation should be solved. For example, a method like GMRES (see
[3] for details) could be used. The iterative solver is stopped if the residual of the
approximate solution ||@x_1 — (A — &I )yl is smaller than a certain tolerance ;. When
we include this aspect in the inverse iteration algorithm, we get a theoretical model
of what is done in practice. For the purpose of reference we call this inexact inverse
iteration.

ALGORITHM 3.3: Inexact inverse iteration.

input: A, s, zo

for £k =1,2,..., kpax
choose € > 0 and calculate yi such that:
[zr—1 — (A — 6D )yl < e
or = wi) sl
Hk = mfAmk

end

output: 0., k..

At this point it is not yet clear how ¢, should be chosen in each step of the algorithm.
In order to make a sensible choice it is necessary to know what the influence of the
size of the tolerance on the performance of the algorithm is.

3.2 ANALYSIS OF AN ITERATION STEP

To analyse inexact inverse iteration we focus on one single step. As a measure for the
distance between a vector and an eigenvector we take the angle between them. We
would like to know how the change in the angle after one step is influenced by the
size of the tolerance and in particular whether this angle decreases if we work with a
certain tolerance.

Without loss of generality we assume that Kk = 0, so we are interested in the smallest
eigenvalue and the corresponding eigenvector. Number the eigenvalues such that
|A1] < |A2] < |Ai| Vi > 3. Let z be the current iteration vector with ||z|| = 1. For
inverse iteration we have to solve y from:

Ay ==z (1)
Write z, just as in definition 2.1 in the form:

z = y1v; + w with w 1 v,
If we solve (1) exactly, we have:

y = )\1_171'01 + A tw
A7 ] _ 1257wl Al flwll [
AT T AT el Il ]

tan ¢, tan ¢, (2)

8



From this formula it is visible that the rate of convergence of inverse iteration is

bounded by %

Suppose we solve (1) with a tolerance € resulting in the approximate solution §. This
means that ||z — Af|| < e, or equivalently:

Ay ==z + 6, for some &, with ||6,] <e (3)

The only difference between the equations (1) and (3) is the right-hand side, so it is
clear from (2) that:

A
tan ¢y < Pl o Parts, (4)
Az
The remaining problem is how tan ¢,  is related to tan ¢,. If ¢, > 0 there exists a
g such that:

tan ¢y, = ptan ¢,

It is clear that the value of p depends on the length and the direction of §,. Perhaps
less obvious is that the value of ¢, can also influence the possible values of p. For
example, if cos ¢, < 1, then small vectors §, can cause very large values of tan ¢,.5,_.
We want to give an upperbound for the factor g in terms of the values of ¢ and ¢,.
We do not want to involve the specific direction of §,, so for the bound we take the
maximum value of g over all feasible vectors §, and denote that value by f.

DEFINITION 3.4: Let x and € be given. If ¢, > 0, then & is defined as:

ta’n ¢$+62

an ¢,

Mﬂs%

ﬂ:max{

So we have by the definition of z and equation (4) the following sharp inequalities:

tandass, < Rtand, (5)
A
tondy < M ptang, (6)
| Az

In the following theorem an expression for g is given.

THEOREM 3.5: If ¢, > 0 and € < cos ¢, then p satisfies:

ev1—g2
- 1 —I_ sin ¢ cos ¢
p=
T cos? ¢a

PROOF: Suppose € < cos ¢, and ||8,|| < e. Decompose §, as follows:

6;3 = "-)"1’01 —|—’III Wlth w L U1



2

FIGURE 1: Visualisation of the relation between € and j.

then we have:

ptan¢, = max{tan d,is, | ||0:] < e}
w -+ w - -
= maX{ M ‘ 1 [? + [Jo]? < 52}
I+ 7l
w| + ||w - -
_ max{w‘ il + [l s&}
|’71| - |’71|

_ max{g\ (o= bl + (=]

The expression on the right-hand side can be regarded as the maximal tangent of
the line through (0,0) and a point (p,q) taken from a circle of radius € around the
point (|y1],]|w]||) € IR?. This situation is depicted in figure 1. In the figure the line is
drawn where the maximum tangent ftan ¢, is attained, corresponding to an angle ¢'.
Because € < cos ¢, this line is well defined. Now we can write cos ¢’ in two different

ways:

€ — cos¢' — |71|
(= 1)lfw]] VIm[? + @2 [w]?
= (I +&lwl”) = m(E - 1)°|w|
e2 €2ﬂ2 R
& —— =p® -2 +1
lwl? "
62 ) ( 62 )
& (1-—7)p" =25+ (1- =
RAE ]2

10



This equation has two solutions, corresponding to the maximum and minimum values
of p. g is the largest solution:

. 2+y/4—4(1 |vz|2)(1 — ) _ 1 H/1-(-pp - MF T mPRT)
21~ ) - mr
Lt v/ el + 1P e LR 1+ e
R L ow Cl-gE -G

The value of g is a rather complicated expression but it can be bounded from both
sides by easier expressions. Using the proof of the theorem we have that:

(2= Dlfwll ml @ =Dkl inl _ o gy

e = < sin ¢, cos ¢,
Vil @l = ml + fol?
€
p > 14+ —-
poz A sin ¢, cos ¢,
If € < sin ¢, cos ¢, then the following inequality is valid:

1+ ev/1 :)2 1+ ew 1

o= — |71LL| I < . |71LL| | - — _ (7)
PP LT faplee e corde

Combining equation (6) and theorem 3.5 gives the following result for the reduction
of the error in one step of inexact inverse iteration.

COROLLARY 3.6: If ¢, > 0 and € < cos ¢, then:

ev1—¢e?
)‘ 1 —I_ SIn ¢z COS P
tan ¢y < :/\:: ( - ¢z€2 ¢ )tangﬁz

cos? ¢z

We have the following remarks about the results in this section.

o The value of i represents the worst-case situation. The average reduction factor
will be smaller and vectors 6, can also give values of p which are smaller than
one.

o The formula for g shows that this number is large if € ~ cos ¢,. Then small
variations in the value of € can cause large variations in the value of z. When
€ < ¢cos ¢, then 1_cos€¢z ~landvV1l—e?2~r1,s0p =~ 1—|—m. In this case
the value of i depends on the quotient of € and sin ¢, cos ¢,. If € < sin ¢,, cos ¢,
then g ~ 1 and the influence of € can hardly be noticed. Only if € is of the same

or of a larger order than sin ¢, cos ¢, the disturbance is important.

o Of course we do not want an iterative algorithm to diverge. The translation of
this requirement to a single iteration step is that tan ¢; should be smaller than

tan ¢,. This is certainly true if |>‘ BalP < 1, or equivalently z < | 2' This gives
the following rather complicated condltlon for e:

11



a2l 9Yygin ¢z COS P A
Ife < G — 1) 2 then i < |)\—2| (8)
\/cos2 b + Iiflz sin? ¢, |l

A simpler but weaker expression is obtained from equation (7):

A A
Ife < — M sin ¢, cos ¢, then g < M (9)
Az | A
If ¢ € cos ¢, then the condition £ < (% — 1) sin ¢, cos ¢, will be sufficient,
which is an improvement by a factor % over (9). In the context of inexact

inverse iteration the conditions above can be used in several ways. If during
the iterations a fixed value for €j is chosen, the method will converge until ¢ is
getting so small that the condition of (8) is no longer satisfied and convergence
is no longer guaranteed. Because the average value of p is smaller than g it
can be expected that convergence will not stagnate at once, but after some
more iteration steps. On the other hand, if €4 is varied during the iterations
these conditions give a guiding line for the choice of e if convergence is to be
maintained. For smaller values of sin ¢, cos ¢, also smaller values of g; are
needed. A disadvantage is that the conditions are based on unknown numbers
such as the eigenvalues and the current error in the eigenvector. In the next
section we will give a condition based on known numbers which can be expected
to give satisfying results.

3.3 NUMERICAL EXPERIMENTS
3.3.1 INTRODUCTION

To see how inexact inverse iteration behaves in practice a number of numerical ex-
periments have been performed. The goal was to see how various possibilities for the
choice of the ¢, influence the iterations. The 100 x 100 matrices involved were of the
form:

A = diag(—11,-10,-9,...,87,88) — kI

Three values have been chosen for k. Table 1 gives an overview of these and some
other relevant values.

In the experiments a number of steps of the inexact inverse iteration method have
been performed. The starting vector zo was (1,1,...,1)7 in all cases. In each step &
was determined and the iteration vector was disturbed by a random vector of norm
er after which the matrix-vector equation was solved within machine precision. The
following data have been recorded. They are represented on a logarithmic scale in the
figures on the left-hand sides.

e ¢, (dash-dot line), the value of the tolerance.

12



A

figures | & | A1 | Ay %
1 1 | 10 1

2—- 1 11 | 11| 11 | 10
1 1 2 1

8—13 3| 3 3 2
4 4 | 5 4
=195 | -5 |5 | s

TABLE 1: List of matrices.

e tan ¢ (solid line), the tangent of the angle between the iteration vector and the
eigenvector.

e ||7x|| (dashed line), the norm of the residual r, = Azp — Oz
e |A; — 0| (dotted line), the error in the approximation of 6.

The figures on the right-hand sides show the following additional information.
e tan ¢/ tan ¢ (solid line), the reduction factor of the tangent.

. _% (dashed line), the theoretical upperbound of corollary 3.6.

3.3.2 A FIXED ¢y

The first strategy for the choice of g5 was to give it a constant value of 1078. Looking
at the figures we distinguish two different phases in the behaviour of the iterations.

1. The first phase is the part where the value of g is almost equal to one. When
the iteration starts the influence of e is not visible and the algorithm behaves
the same as exact inverse iteration. In the starting vector all eigenvectors are
equally represented, but after a few iterations almost all of them can be neglected
and only the components in the directions of v; and vy play an important role.
This means that we have more or less the situation of lemma 2.9. In this case is
|A2—A1]| = 1, so for small ¢ we have: ||7g|| ~ tan ¢ and |A; —8i| ~ tan? ¢. This
is clearly visible in the figures. Because ¢j is much smaller than ¢, the reduction
factor is after a few iterations almost equal to the theoretical upperbound of

A1/ Al

2. In the second phase g visibly deviates from one and takes much larger values. In
the figures as drawn here that is approximately from the point when g &~ 1.01,
corresponding to tan ¢y ~ 100e;. What we observe in practice is the following.
As long as p is small enough to ensure convergence we see only some very small
irregularities in the reduction factors and the convergence proceeds almost the
same as before. For larger values of iz the behaviour becomes more irregular and
in short time completely unpredictable with reduction factors smaller and larger

13
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than one, but such that the error stays more or less the same with small fluctu-
ations. The convergence has come to an end. The fact that the convergence of
61, stops has also to do with the machine precision of 107'¢; it would stop there
even for smaller values of €. Further remarks are that ||rg|| is larger than tan ¢,
which follows from lemma 2.6, and that is has a much smoother behaviour than
the latter. It also seems that if |A;/A;| is smaller the error reaches smaller val-
ues. Perhaps a hint of an explanation is given by the critical value of equation
(8). The smaller |A;/Az| is, the smaller this critical value for convergence is. Of
course this is the worst-case situation, but is seems reasonable that a smaller
worst-case bound indicates that the average reduction is also smaller.

3.3.3 A CRITICAL ¢

From corollary 3.6 and the experiments in the previous section we learn that as long
as € is of a smaller order than the actual error, inexact inverse iteration behaves
practically the same as inverse iteration. We can also conclude that it is not necessary
for €, to be much smaller than ¢; in order to see this behaviour. It is of course
attractive to work with less accuracy when possible, so the next strategy was to keep
the value of ¢4, in the same order as tan ¢4. For this purpose the bound from (9) was
used which ensures convergence: e = (1 — %) sin ¢p_1 cos ¢p_1. For this value it
cannot be said how fast the convergence will be; it is possible that 7 = 1 and there
is no convergence at all. But the previous experiments suggest that even if g = 1,
convergence is still rather good. Moreover, this choice of €, is based on a bound for
i which is not realistic for € < cos ¢5. In that case we have:

_ Ef . |)\1|

PRIt i dicosden 2

which is much smaller than % for small values of %

In the figures we see indeed that the theoretical upperbound for the reduction drops

quickly from 1 to %(2 — %) But the reduction that occurs in practice is very close
[Aa]

o] during all the iterations except the first few ones. Although it is not a smooth
curve, the rate of convergence is almost equal to that of inverse iteration. We can

to

conclude from this that the theoretical reduction factor can be very pessimistic and
the average reduction is much better, so this strategy gives a very good result. In this
way the tolerance is decreasing during the algorithm which leads to reduced work in
solving the equation compared to the previous strategy.

3.3.4 A PRACTICAL ¢

The strategy of the previous section seems to be a good one in the sense that the
convergence is close to ideal and the tolerances are of the same order as the error in
the eigenvector. The major disadvantage is that it uses the values of some eigenvalues
and the current error. In practice these are not known to us; moreover the problem is
to calculate A;. So a strategy based on known values is prefered. Among the various
measures for the error used here there is only one which can be computed from the
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iteration vector: the residual. We would like to base our strategy on this number.
A problem is the quotient IA—:' which plays a role in the bound of (9). This number,
however, is almost equal to the rate of convergence of the residual after a number of

iterations. We could define the actual reduction factor by:

7l

Il

and subsititute this for the quotient of eigenvalues. Assume that zj has only important
components in the direction of the eigenvectors v; and v, and ¢ is small enough
so that 6 is already a good approximation of A;. From lemma 2.9 we know that
|7kl = |A2 — A1] sin @ cos . A good approximation for the bound of (9) would then
be:

M Rl D 1]
(1= Dlysin grcos g~ P2y = Py
¥ P N LU R YN
[Aa]y [As]
> Ty, Loy,
T DI (1+ q) |64

This last formula contains only numbers which can be calculated without information
about the eigenvalues or the error in the eigenvector and this is of course very attrac-
tive. But it is also a bit dangerous to use this expression as a choice for gz, because
it is only a good approximation of the bound if some convergence has ensured that
G & |>\_: and 8 ~ A;. Therefore it seems wise to have a certain maximum for the
tolerance to force the start of the convergence. In these experiments it was chosen to

be 1072. So the third strategy for the choice of ¢; was:

(1= Gr-1)gr-1 —2}
€k = min k-1, 10
¢ {(1+qk_1)|ek_1|” e

The results as shown in the figures are very satisfying. The graphs of the error are

almost the same as in the case of the previous strategy. The reduction factors are

close to Ii—1| and the theoretical bound oscillates a bit, but is still close to the one in

the previous experiment.

4 INEXACT RAYLEIGH QUOTIENT ITERATION

4.1 THE ALGORITHM

The rate of convergence of inverse iteration using a shift x depends on the quotient
of the second largest and the largest eigenvalue of the matrix (A — xI)~*. The closer
the shift & is to the wanted eigenvalue, the faster the convergence will be. The 8}, are
the Rayleigh quotients of zj with respect to A and they are approximations of the
wanted eigenvalue. After a number of iterations they are better approximations than
x and then it is attractive to use the value of 8 itself as a shift instead of k. This is
the Rayleigh quotient iteration.
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ALGORITHM 4.1: Rayleigh quotient iteration.
input: A, z,
6y = mgAmo
for £k =1,2,..., kpax
v = (A— 9k—1I)_1mk—1
Te = Y/ [|yell
Hk = mfAmk
end
output: 0., k..

Usually the convergence of this algorithm is very fast (see [2]), but it only converges
to a certain eigenvalue if the starting vector has a rather large component in the
direction of the corresponding eigenvector.

Of course solving the equations in this algorithm gives the same problems as in the
case of inverse iteration, so also in this case we propose a variant which solves the
equation approximately with a certain tolerance.

ALGORITHM 4.2: Inexact Rayleigh quotient iteration.
input: A, z,
6y = mgAmo
for £k =1,2,..., kpax
choose € > 0 and calculate yi such that:
|ek—1 — (A — Op_11)yr|| < e
ze = Yi/ || vk
Hk = mfAmk
end
output: 0., k..

4.2 ANALYSIS OF AN ITERATION STEP

Again we focus on one iteration step for the analysis of the algorithm. We have a
vector z with ||z|| = 1 and the Rayleigh quotient § = T Az. If we solve the equation
in the algorithm with tolerance e, then we get a vector y satisfying:

(A—6I)j =+ 6, with ||6,] <e (10)

THEOREM 4.3: If ¢, > 0, ¢ < cos @, and [§ — A;| < %pmin, then:

2pmax —

tan ¢y < fi tan® ¢,

min
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PROOF: Suppose that |§ — A;| < %pmin, which implies that 6 is closer to A; than to
any other eigenvalue. Just as in the case of inverse iteration we have:

10— A 16 — A
tan ¢y < tan ¢pys, < — tan ¢,
an¢y - min#l |0—)\1| an¢+6m_m1ni¢1 |)\1’—)\1|—|0—)\1| an¢+6m
60— A 210 — A
6= ] 20 =Nl g

| ta‘n ¢$+6z =

1 .
o MNIN;G£7 |)‘i - )\1 min

Lemma 2.3 says that [§ — A;| < pmexsin® ¢, and by definition of & is tan ¢,5, <
i tan ¢, which gives:

2 max . 2 max — . 2 max —
tan ¢y < 2Pmax in? O tan gprs, < i jisin? ¢, tan ¢, < i jitan® ¢,

Pmin min Pmin

It can be seen from theorem 4.3 that in the case of exact Rayleigh quotient iteration,
when € = 0 and z = 1, we have cubic convergence which is of course much faster than
the linear convergence of inverse iteration.

What can be expected for the convergence in the case of a nonzero €? Suppose that
cosgp,~1and e € cosy,s0 g~ 1+ =1+ —=—, then

sin ¢g tangg ’

2max
tangy < P14

tan® 2
Pmin tan (;Zsm ) ¢

2 max
- (tan ¢, + €) tan® ¢,

Pmin

If e € tan ¢, then:

2 max
tan ¢y < Pmax 4 on? Oz

Pmin

And this is cubic convergence, just as in the exact method. If € > tan ¢, then:

tan ¢y < 2pmax€ tan® ¢,
Pmin

In this case we have quadratic convergence. Roughly speaking we can expect cubic
convergence as long as the ¢, is larger than the € and after that quadratic conver-
gence. Compare this with inexact inverse iteration: first linear convergence and then
stagnation. It is remarkable that the method still converges if the tolerance is so much
larger than the actual error in the eigenvector. There is no need to choose an extreme
small € or to decrease its value during the iterations. This leads to the conclusion
that the value of ¢ is the most critical at the start of the iteration. If the tolerance
is small enough to give the iteration a begin of convergence, then it will converge at
least quadratically.
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4.3 NUMERICAL EXPERIMENTS

For the numerical experiments the following 100 x 100 matrix was used:
A = diag(1,2,3,...,99,100)

The starting vector was zo = 110e13 + 3,415 €;, Where the e; are the standard unit
vectors. This ensured convergence of the Rayleigh quotient iteration to the eigenvector
e12. As before, in the figures on the left-hand sides the following graphs are drawn.

o ¢, (dash-dot line)
o tan ¢, (solid line)
o || (dashed line)
o |\ — 0| (dotted line)

This time, the figures on the right-hand sides do not show the reduction factors, but
the ‘power of the reduction’.

e log(tan ¢ )/ log(tan ¢r_1) (solid line), this is equal to « if tan ¢ = tan® gp_;.

In the figures 20 and 21 the performance of exact Rayleigh quotient iteration (e = 0)
is shown. Figure 21 shows that the convergence is cubical after the first iteration.

In the next experiment the strategy was to take e = 1072. The figures 22 and 23
contain the results. In step 1 the errors are the same as in the previous experiment.
After step 1 tan ¢y is smaller than the tolerance, so according to the theory we have
from now on at least quadratic convergence. In step 2 there is not much difference
with the situation of e = 0. Figure 23 shows that the convergence is only slightly
worse than cubical. In step three the difference becomes clearly visible and the rate
of convergence is halfway quadratical and cubical.

In the third experiment where ¢, = 10! (figures 24 and 25) the deviation from cubic
convergence is already clear in the second iteration step and in step 3 the convergence
is closer to quadratical than to cubical.

The experiments confirm the theory that it is not necessary to choose a small tolerance
for inexact Rayleigh quotient iteration. It should only be small enough to ensure the
start of the convergence. Even for large values of €; the rate of convergence is still
very good.
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