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1. Introduction

Let A € R™™" be asymmetric matrix. From the Real Schur Theorem, we know that
all eigenvalues of A are real and there exists an orthonormal matrix U =

(u1,uz,...,uy) and a diagonal matrix A such that

A=UAU", (1.1)
where

A =diag(A1, A2, ..., p), Al =--=Ay < Agp1 < - < Ay, (1.2)

and 1 < s < n. As a result, we denote
S:{xeR”|Ax=k1x,xTx=1}. (1.3)

Obviously, the columns of U form an orthonormal basis in R” and S is the sub-
set containing all the eigenvectors with /,-norm one corresponding to the smallest
eigenvalue of A. The extreme eigenvalue problem that we are interested in is to find
A1 and an x € S. While the interior eigenvalue problem is to find an eigenvalue in a
predefined interval [a, b], i.e.

Ax =Xx, x'x=1, A€la,bl, (1.4)

and its corresponding eigenvector. It should be mentioned that we do not assume that
there must exist an eigenvalue in [a, b]. Our new method is capable of detecting if
there is any eigenvalue in [a, b] or not.

The eigenvalue problem is a classical but very important problem (see [12]).
Besides the conventional methods in numerical analysis for the eigenvalue problem
(see [12] and the references therein), some continuous methods have been discussed
in [1-3] for the extreme eigenvalue problem. In [1,2], various ODE systems are
introduced for many numerical analysis problems. Sparked by Hopfield’s neural
network approach [6-8], Cichocki and Unbehauen [3] introduced a neural network
model for computing the minimum eigenvalue and the corresponding eigenvector.
The idea in [3] is to convert the minimum eigenvalue problem into a constrained
optimization problem. Then a neural network model was introduced to solve this
constrained problem by using either the penalty method or the Lagrange multiplier
method. However, the optimization problems formulated in [3] are not easy to solve.
Therefore, the application of their methods is quite limited. The interior eigenvalue
problem is relatively difficult comparing with the extreme eigenvalue problem. So
far, there are not any continuous methods for the interior eigenvalue problem in the
literature.

In this paper, we also convert both the extreme and interior eigenvalue problems
into some optimization problems (Section 2). However, our optimization problems are
to minimize a strictly concave function over a unit ball. Therefore, our optimization
problems are very easy to solve. For each resulting optimization problem, a continuous
method which consists of a merit function and an ordinary differential equation (ODE)
is introduced. The convergence of each ODE solution is proved for any starting point
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(Section 3). Some promising numerical results are reported (Section 4). Finally, some
conclusions are drawn (Section 5).

2. Equivalent optimization problems

To distinguish the two eigenvalue problems, we will discuss them in separate
subsections.

2.1. Extreme eigenvalue problem

To formulate the extreme eigenvalue problem into an optimization problem, we
consider

min x'Ax (2.1
XER"

st xTx=1.

For any x € R", there exist «;, i = 1, ..., n such that

X = Zaiui, 2.2)

i=1

where u;’s are the column vectors of U.

Problem (2.1) is to minimize a quadratic function on the surface of a ball. The
difficulty for problem (2.1) is its constraint where the feasible region is not a convex
set. Now we further convert problem (2.1) into another optimization problem which
is much easier to solve. First, let us select a constant ¢ such that

c=h+ 1 (2.3)
Since A is symmetric, from Corollary 2.3.2 in [4], we have

max |A;] = [|All2 < [|A]l1, (2.4)

1<isn

we can always choose ¢ = ||A||; 4+ 1 (we will adopt this formula for ¢ as the default
value in our numerical computation). Then we can establish the following problem:

min xTAx —cx'x 2.5)
XER"

st xTx < 1.

Problem (2.5) differs from problem (2.1) in that the objective function is quadratic
and strictly concave but the constraint is a simple ball constraint. The feasible region
for (2.5) is a closed convex set. Therefore, it is much easier to solve (2.5) than
2.1).
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Lemma 2.1
(i) Every local minimizer of (2.5) is also a global minimizer of (2.5).
(i) x is a global minimizer of (2.5) <— x € S.

Proof. Using (2.2), problem (2.5) becomes

min Z a?()»,- —0) (2.6)

n
s.t. Zaiz < 1.
i=1

Since
O>Ai—c>2A—c, i=1,...,n, 2.7
the results in (i) and (ii) can be easily established. [

From Lemma 2.1, we can easily see that the minimum value of (2.5)is A — ¢ and
any optimal solution is an eigenvector corresponding to Aj.

2.2. Interior eigenvalue problem
First, let us consider the following optimization problem:
min x'(A—al,)(A —bl,)x (2.8)
xeR"
T

s.t. x x=1.

In problem (2.8), there is not any restriction on the values of @ and b.
From (2.2), problem (2.8) becomes

min Yo (ki —a)(h; — b) (2.9)

i=1

From (2.9), it is easy to see that

K > xT(A —al))(A—bl)x > 1, (2.10)
where
kK = max (A; —a)(A; — b), 2.11)
1<i<n
n= (A —a)(A —b) = min (A; —a)(A; — D), (2.12)
1<i<n

and k is an index achieving the minimum.
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Eq. (2.10) indicates that the objection function in (2.9) is always bounded. In
addition, the constraint in (2.8) or (2.9) can be easily satisfied. Therefore, problem
(2.8) or problem (2.9) is well defined. Now we explore an important property for
problem (2.8).

Lemma 2.2. Every local minimizer of (2.8) is also a global minimizer of (2.8).

Proof. Obviously, the global minimum value for (2.8) and (2.9) is n which is achiev-
able. Let x be a local but not global minimizer for (2.8). From (2.9)—(2.12), we
know

> i —a)0i —b) > . (2.13)
i=1

Therefore, there must exist an index j such thata; 0 and (A; —a)(A; — b) > 7.
Then, by reducing |o;| and increasing o while maintaining Y oziz =1, we can
reduce Z?:l o;iz(k,- — a)(A; — b). This contradicts with our assumption that x is a
local minimizer. This completes the proof.

Based on the result of Lemma 2.2, we can establish the following result.

Theorem 2.3. Let x* be a global minimizer of (2.8), then we have the following
results.

D 7= (T —aly)(A = bly)x™.
(ii) If n > O, then there exists no eigenvalue of A in the interval [a, b].

(iii) Ifn < 0, then there exists at least one eigenvalue of A in the interval [a, b]. In
addition, if there exists exactly one eigenvalue of A in the interval [a, b], then
()T Ax* = Ay is the eigenvalue and x* is the corresponding eigenvector.

@iv) If n = 0, then one of the eigenvalues of A must be either a or b.

Proof. (i) From the proof of Lemma 2.2, we know that the global minimum value for
(2.8) or (2.9) is n which is achievable at oy = l and o; =0,i =1,...,k— 1,k +
1,...,n.

(i) If n > 0, from its definition in (2.12), then (A; — @) and (A; — b) have the same
sign for all i’s. Therefore, there exists no eigenvalue of A in the interval [a, b].

(iii) If n < 0, from (2.12), we know there exists an index k such that

a < i <b. (2.14)

This guarantees that there exists at least one eigenvalue of A in the interval [a, b].
The rest of (iii) are straightforward.

@iv) If n =0, then (Ax — a)(Ar — b) = 0. Therefore, either @ or b must be an
eigenvalue of A. [
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From Theorem 2.3, we know that if there are more than one eigenvalue of A in the
interval [a, b]. (x*)T Ax* may not be an eigenvalue of A. This can be easily checked
from || Ax* — (x*)T Ax*x*||. In the case that there is more than one eigenvalue in the
interval [a, b], we can solve

i —a)(hi =b) =1

to obtain two A;’s. Then by checking ||Ax* — A;x*||, the desired eigenvalue can be
easily located.

Now the key point is to solve problem (2.8). Problem (2.8) is to minimize a
quadratic function on the surface of a ball. The difficulty for solving problem (2.8) is
that its constraint set is not a convex set. Now we further convert problem (2.8) into
the following optimization problem which is much easier to solve.

m%en xT(A —al,)(A — bl)x —cx'x (2.15)
xXeR"
st xTx <1,

where ¢ > k + 1. From the requirement on c, we can see that [c], — (A — al,)(A —
blI,)] is a positive definite matrix.

Problem (2.15) differs from problem (2.8) in that the objective function is still a
quadratic function, but it is a strictly concave function. In addition, the constraints
are a simple ball constraint. Therefore, it is much easier to solve (2.15) than (2.8).

Lemma 2.4
(i) Every local minimizer of (2.15) is also a global minimizer of (2.15).
(i) x is a global minimizer of (2.8) <= x is a global minimizer of (2.15).

Proof. It is easy to see that problem (2.15) is equivalent to

min Y o7 [(hi —a)(i — b) — ] (2.16)

Obviously, the global minimum value for (2.16) is  — ¢ whichis achievableatoy = 1,
a; =0,Vi #k.

(i) Assume that x is a local but not a global minimizer of (2.15). Since (2.15) and
(2.16) are equivalent, we have

0= afl(hi —a)(i —b) —cl >n—c, (2.17)

i=1

where «;’s are defined in (2.2).
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From (2.17), we know that there must exist an index j such that o; # 0 and
(Aj —a)(xj — b) > n. (Otherwise the objective function in (2.16) would be Y 7, x
a2 (n — ¢). This would contradict with our assumption on x.) Thus, by reducing o j and
increasing oy, we can maintain ) ;_; 7 < 1 and reduce the objective function value
in (2.16). This contracts with our assumptron on x. Therefore every local minimizer
of (2.15) must also be a global minimizer of (2.15).

(i1) Since (2.15) and (2.16) are equivalent, then we have

Za (A —a)(Aj —b) —c] > n—c)Za (2.18)

i=1

But the global minimum value for (2.16)is n — c. Therefore from (2.18), we know that
any global minimizer of (2.16) must satisfy ) 7. 10: = 1. Again from the equivalence
of (2.8) and (2.9), we can easily see that (ii) is true. [l

3. Continuous methods

Similar to our discussion in the previous section, we will consider the continuous
methods for problem (2.5) (extreme eigenvalue problem) and problem (2.15) (interior
eigenvalue problem) in the following two subsections.

3.1. A continuous method for extreme eigenvalue problem

Now we focus on problem (2.5). Generally speaking, a continuous method for an
optimization problem consists of two components: a merit function (bounded below)
and a dynamical system. In addition, the merit function must be monotonically nonin-
creasing along the solution of the dynamical system. Following the model developed
in [9], we have our continuous method for problem (2.5):

Merit function:

F(x) =xTAx — ex'x. (3.1

Dynamical system:

dx ()
dt

= —[x — Po(x = Vf(x)], (3.2)

where Q = {x € R" | xTx < 1} and Py(-) is the projection onto Q defined as

Po(y) = argmin ||x — y[l2, Vy e R".
xXEQ

To simplify the following discussion, we define

e(x) =x — Po(x — Vf(x)). (3.3)
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First, let us reveal an important property for e(x).
Lemma 3.1. e(x) = 0withx 0 <= x is an eigenvector of A with || x|| = 1.

Proof. “<" This is straightforward. “=" e(x) = 0 implies

. {[x = Vf@l/llx=Vfl, ifllx—=Vf)l>1, (3.4)
T x =V, if [x = V)l <1. ’
If |x = Vf(x)]| <1, from (3.4), we have
Vikx)=2(A—cl)x =0. (3.5)

But (cI,, — A) is a positive definite matrix, (3.5) implies x = 0 which contradicts with
x # 0. Therefore, it must be true that |x—-Vf(x)|>1. Let y=
lx = Vf(x)|]| — 1 > 0, then from (3.4), we have

(A —cl,)x = —%x. (3.6)

Eq. (3.6) indicates that x is an eigenvector of A. From (3.4), it is easy to see that
lx]l = 1if |[x — Vf(x)|| > 1. This completes our proof. [

Now we are ready to analyze the convergence properties for the solution of (3.2).
These results will be summarized in the following theorems.

Theorem 3.2. For any xg € R", there exists a unique solution x (t) of the dynamical
system (3.2) with x(t = ty) = xg in [ty, +00).

Proof. Since the right-hand-side of (3.2) is continuous in R”, the Cauchy—Peano
theorem ensures that there exists a solution x(¢) of the dynamical system (3.2) with
x(t = ty) = xg. For this solution x(¢), we define

E(x(1)) = [lx(t) — Po(x(1))]|*. (3.7)

Obviously, E(x(t)) is the square of the distance of x(¢) to set £2. Then we have from
(3.2) and (3.3) that

dE@(®) _ -2 (1 - ”TIH) xTe(x), if x|l > 1, a8
dr 0, if flxf] < 1.
From (3.3), we have
T Qe+ DxTx—2xTA .
ey = 17 X = Soerniaay e i 1Q2e+ Dx —24x| > 1, (3.9)
2xTAx — 2exTx, if |(2c + Dx —2Ax|| < 1.

From the requirement on ¢ in (2.3), we have

12c 4+ Dx = 2Ax| = [12cx = 2Ax || — llx[| = [12x]| =[xl = llx[l. ~ (3.10)
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Egs. (3.9) and (3.10) indicate
2¢+ DxTx —2xTA
WTe(r) = xTy = GEF DX X =20AY e o 1, 3.11)
12c+ Dx —2Ax]||

Egs. (3.8) and (3.11) indicate that E (x (¢)) is monotonically nonincreasing in ¢. There-
fore, we have

eIl < llx = Po(x)|| + [[Pa(x) = Po(x =V fO)| < [lx (o) || + 3.
(3.12)

Eq. (3.12) indicates that the right-hand-side of (3.2) is bounded for any given xg.
Again the Cauchy—Peano theorem ensures that the solution x(¢) exists in [#g, +00).

Since Q is a closed convex set, from the nonexpansive property of the projection
operator, we have

[ Po(u) — Po()|| < llu—vll, Vu,veR"

Therefore,

lle(x) — el = llx = Po(x =V f(x)) =y + Pa(y = VS
< =yl + 1Pox =V f(x)) = Po(y = VS )
Slx =yl +llx =yl +1IVfx) = Vi
< @Q+20Al1+20)llx = yll,  Vx,y € R". (3.13)

Eq. (3.13) implies that e(x) in (3.3) is Lipschitz continuous in R". From the Picard—
Lindelof theorem, the proof is completed. [

The result of Theorem 3.2 indicates that our dynamical system (3.2) is well defined.
In the proof of Theorem 3.2, we can see that if xo ¢ €, then the solution x (¢) of (3.2)
will move towards the feasible region, and if xg € €, then the solution x(#) of (3.2)
will stay in Q2 from then on. Before we prove the convergence of the solution of (3.2),
we need to observe the following properties. First, from (2.2), we can define

n
x(t) =) ai(tu; = Ua(t), (3.14)
i=1
where x(¢) is the solution of (3.2), u;’s are the column vectors of U defined in (2.1),
and a(t) = (o1 (1), ..., ay(®))T. Then from (3.1), we have
n
gl) = f(x) =) o} (0 o). (3.15)
i=1

Therefore, it is straightforward to see that (3.2) is equivalent to

d
Z?=—m—&m—wmm. (3.16)
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In order to prove the convergence of the ODE solution x (¢), we need the following
lemma.

Lemma 3.3. Suppose scalar function h(t) is differentiable on [to, T'| with h(ty) = 0.
If there exists an M > O such that | 32| < M|h(t)|, t € [to, T1, then h(t) =0, t €
[t0, T].

Proof. See Exercise 26, p. 119, [10]. O

It is easy to see that 7 can be extended to +0o. Now we prove the following
important convergence results for the solution of (3.2).

Theorem 3.4. For any xo € Q, let x(t) be the solution of (3.2) with x(t = tg) = xo.
Then (i) if e(xg) = 0, x(¢) = xo, ¥Vt > to; (ii) if e(xo) # 0, then lim;_, 4 o e(x(1)) =
0.

Proof. (i) From (3.16), we have fori =1, ..., n,

dai() _ [ —ei) + Gogme,  ifla@) = Ve@)| > 1. .
dr 2(c — Ay (1), if le(r) = Vg(@)| < L. '
In both cases, we have fori =1, ...,n,
da; (1)
;. <2(c— A1+ D] (1)], Vit = 1. (3.18)

If e(xp) = 0, then from Lemma 3.1, we know either xo = 0 or x is an eigenvector
of A with ||xg|| = 1. If xg = 0, from (3.14) we have «(ty) = 0. Therefore, (3.18) and
Lemma 3.3 imply «(¢) = 0, V¢ > ty. Thus, x(¢) = 0, Vt > 1. If x¢ is an eigenvector
of A with ||xg|| = 1, let

Axg = AXxg.
Then from (3.14), «; (ty) = 0 if A; # Ak. Then from (3.18) and Lemma 3.3, we have
ai(t) =0, Vt>ty, ViwithA; # Ak
Therefore, |a(t) — Vg(@)|| = 2c+ 1 —2xp)||a(t)]l. Since |la(tp)]| =1, 2¢ + 1 —
20 > 1,and a(t) € Q Vt, (3.17) indicates that 3 a ¢ > 1y such that
do (1)
dr

Therefore, () = a(ty) and ||a(?)|| = 1, Vt € [to, 7]. This process can be repeated
until £ — +oo. Therefore, o () = a(ty), Vt > to. Thus, x(¢t) = xo, Vt > 19.

(ii) Since xo € 2, Theorem 3.2 ensures that x(t) € Q, Vt > 1.

Since 2 is a closed convex set, from inequality (4) in [5], we have

[y — Po)IT[x — Po(»)1 <0, VxeQ, VyeR" (3.19)

=0, Vtrelt,t], Vjwithij= A
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Taking y = x — V f(x) in (3.19), we have

[e(x) — V()] e(x) < 0. (3.20)
From (3.1)—(3.3) and (3.20), we have
d];(;) = —[V)ITe(x) < —lle)|* <0, V= 1. (3.21)

From the LaSalle invariant set theorem (Theorem 3.4 in [11]) and (3.21), we know
lim e(x(¢)) =0.
t—+400

This completes the proof. [

Theorem 3.4 is a little bit short of proving the convergence of x (#) which is much
more desirable. This result is summarized in the following theorem.

Theorem 3.5. For any xo € Q, let x(t) be the solution of (3.2) with x(t = tg) = xo.
Then x(t) is convergent, i.e. there exists an x* € Q such that lim;_, 1 5 x(t) = x*. In
addition, if xo # 0, im— 400 x (1) T Ax (t) = A, where k = min {i | xju; #0,i =
1,..., n}

Proof. Obviously, if xg = 0, then x(¢) = 0, Vr > o from the proof of Theorem 3.4.
Therefore x(¢) is convergent. So we assume xg # O in the rest of proof.

From the proof of Theorem 3.2, we know x (¢) € 2 for all ¢’s. The boundedness of
Q implies that there exists at least one limit point for {x(¢)}. Let X be any limit point
of {x(¢)}. Then e(x) = 0 from (ii) of Theorem 3.4 and x # 0 from xo #* 0 and (3.21).
From Lemma 3.1, we know that X is an eigenvector of A with ||x| = 1. Therefore,
we have lim,_, || x(®)|| = 1.

Fromx € Q <= o € Qand |x(¢)| = ||«(?)], there exists a t* > 7y such that if
t > t*, la(t)|| > 5. Thusif r > r*, we have

n
le(t) = Vg@) > = > e 01 +2(c — 1)1 > 9le(®)]|* > 1.
i=1
This and (3.14)—(3.16) imply that forany i = 1, ..., n,ift > r*, then

dai(®) _ (1) + o (1) = 20 (1)(Ai — )
dt ’ le(t) = V(@)
_ ai@l +2(c = 4i) — lle @) = Vg(a®)]]

la(t) = Vg (a (@)l

From x € Q < «o € Q, we have

(3.22)

le(t) = Ve@@)I* = Y a1 +2(c — 1)1

i=1
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< Y a0l +2(c — )P

i=1
<1 +2(c — 2D (3.23)

Obviously, from (3.16), we have

doz# =2ai(c — %), iffla(®) —Vg@)| <1 (3.24)

Egs. (3.22)—(3.24) indicate that there exists an M > 0 such that
dozt(t) < Mlai (1)), V1> 1o. (3.25)
From the definition of k and Lemma 3.3, we know x; (t) = «; (¢) =0,i =1, ...,k —

1, Vt > tg. Therefore, (3.23) becomes

le(t) = V@) * =D a1 +2(c — )P < [142(c — a1
i=k
(3.26)

On the other hand, (3.22), (3.26) and our assumption indicate that if # > #*, we have

da (1) {> 0, ifap(t) >0,

dr |<0, ifag@) <O. (3.27)

Eq. (3.27) is very important. Basically, it tells that when ¢ > ¢*
o if ay(tp) > 0, ox (¢) will be monotonically nondecreasing in ¢ but always stays in
the interval [o (%), 1];
o if ax(fp) < 0, ag (¢) will be monotonically nonincreasing in ¢ but always stays in
the interval [—1, ax (79)].
Therefore, lim;_, 4 ox(¢) exists and is nonzero since o(fg) #* 0. Let Ol;(k =
lim;— 400 @k (¢) # 0. Similarly we can prove that ¢;(¢) is convergent if X; = g,
forany i > k + 1. If A, = Ag, then our proof is finished. Otherwise, we prove

lim «;(t)=0, i=j,...,n, (3.28)
t——+00

where j =min{i | Ay < Aj,i=k+1,...,n}

Since j and n are finite and ||t (¢)|| < 1, then there exists a sequence of #; with#; —
+00 as [ — 4oo such that limj a;(fy), i =j,...,n exist. Let of =
limj yoo @i (8), i = j,...,n.

Now we show a = 0,7 = j, ..., n. Suppose not, then there must exist an a* # 0
forsomei = j, ..., n, without loss of generality, let Ol; #+ 0. Then «(#;) and x (;) are
convergent as [ — +o00. But from our earlier discussion, the limit of {x(#)}, say x*
is an eigenvector of A with ||x*|| = 1. Let A be the corresponding eigenvalue. Then
we have
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n
x* = Za;“ui and Ax* = Ax*, (3.29)
i=l

where o} # 0 and a;f +0.
From (3.29), we have

n n
E a;“kiui = E a;kkui.
i=1 i=1

This implies A = Ax = A; which contradicts with A < A ;. Therefore, (3.28) holds.
Thus x () is convergent as t — 400 and lim;_, 400 x()TAx(¢) = Ar. [

It is worth of mentioning that if x* # 0, from Lemma 3.1 and Theorem 3.4, we
know that the x* obtained in Theorem 3.5 is an eigenvector of A. Another impor-
tant observation is that if [x(¢) — V f(x(z)] € Q, the dynamical system (3.2) would
become

O _ oA — e,
dr

In this case, the solution x(¢) can be viewed as a continuous variant of the power
method whose convergence is well established.

Even though we have proved that for any starting point, the ODE solution would
converge to an eigenvector of the matrix, yet this eigenvector will not correspond
to the minimum eigenvalue if the projection of the initial point in the eigenspace
corresponding to the minimum eigenvalue is zero. In other words, we can’t say that
for any starting point, the limit of the ODE solution is the eigenvector corresponding
to the minimum eigenvalue. From the optimality conditions for problem (2.5) and
Lemma 3.1, we know that the followings are equivalent:

e ¢(x) =0butx # 0.
e x is an eigenvector of A with ||x|> = 1.
e x satisfies the first-order necessary conditions for problem (2.5).

The last result indicates that it would be quite difficult to move away from x if x is
an eigenvector of A corresponding to some A; with A; > ;. In this case, one remedy
is to move away from x along a direction d # 0 satisfying xTd = 0. Then, we can
re-solve the dynamical system (3.2) with this new starting point.

3.2. A continuous method for interior eigenvalue problem

Now we focus on problem (2.15). Following the same procedure as the previous
subsection, we have our continuous method for problem (2.15):
Merit function:

fx) =x"(A—al,)(A—bl)x —cxx. (3.30)
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Dynamical system:

dx (1)
dr

where Q = {x € R" | xTx < 1} and Py(-) is the projection onto Q. To simplify the
following discussion, we define

= —[x = Pox = V()] (3.31)

e(x) =x — Po(x — Vf(x)). (3.32)

Since our merit function (3.30) and dynamical system (3.31) are almost identical
to the corresponding ones in the previous subsection, we can easily establish the
following results.

Lemma 3.6. e(x) = Owithx 0 <= x is an eigenvector of (A — al,)(A — bl,)
with || x|| = 1.

Proof. See the proof of Lemma 3.1. [

Theorem 3.7. For any xo € R", there exists a unique solution x (t) of the dynamical
system (3.31) with x(t = tg) = x¢ in [tg, +00).

Proof. See the proof of Theorem 3.2. [

Theorem 3.8. Forany xo € Q, let x(t) be the solution of (3.31) with x(t = ty) = Xo.
Then (1) if e(xg) =0, x()=x9, YVt >to; (i) if e(xg) # 0, then lim,_ 4o
e(x(t)) =0.

Proof. See the proof of Theorem 3.8. [

Theorem 3.9. Forany xg € Q, let x(t) be the solution of (3.31) with x(t = tg) = xo.
Then x(t) is convergent, i.e. there exists an x* € Q such that lim,_, o x(t) = x™*.
In addition, if xo # 0, lim;_, 4 x(t)T(A —al,))(A—=bl)x(t) = u;, where u;, i =
1,...,n are eigenvalues of (A — al,)(A — bl,) in the increasing order and | =
min {i | xgu; #0, i =1,....n}.

Proof. See the proof of Theorem 3.9.

From Theorems 3.8, 3.9, and Lemma 3.6, we know
«T(A —al)(A - bL)x* = w; and ||x*| = 1. (3.33)
From (2.2), we let «™* be the corresponding vector to x*. Then (3.33) is equivalent to

D@0 —a) i —b) = and e’ = 1. (3.34)

i=1
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But the proof of Theorem 3.5 indicates that

af =0, VieljlOj—a)hj—b) #u,j=1,....,n) and o #0.
(3.35)

Eq. (3.34) and (3.35) imply that
M —a)(\ —b) = . (3.36)

If u; > 0, then the A; defined in (3.36) is not in the interval [a, b]. If u; < 0, there
are two A;’s available from (3.36). By checking ||Ax* — A;x*||, we can determine
which 2; is an eigenvalue of A in the desired interval. We summarize the computational
steps in the following.

Computational steps
(i) For given xg, obtain x* and u; as defined in Theorem 3.9. If u; > 0, then there
is no eigenvalue of A in the interval [a, b]. Otherwise, go to (ii).
(i1) Find at most two A;’s from (3.36).
(iii) If one of ||[Ax* — A;x*|’s is very small, stop. An eigenvalue of A in [a, b] is
found. Otherwise, a new starting point has to be selected.

Our final note of this section is on the selection of ¢ in (2.15). From (2.11), we
have

i< max ([Ail + laD (2] + 16D < (1Al + laD AT + 15D

Therefore, we can choose
c=IAll1 + laDlAlL + D)) + 1.

We will adopt this formula for ¢ as the default value in our numerical simulation.

4. Numerical results

In this section, we test our continuous methods on two examples. Since the focus of
this paper is to introduce the new continuous method, therefore, we will not compare
the numerical results of our methods with the existing ones. However, we will perform
many tests to explore various properties of our continuous methods. Our simulation
will stop whenever the following condition is satisfied:

lle(x()lloo <6,

where § is a preset value. We use 8§ = 107 in all our test. All of our tests are run in
Matlab platform on a PC with 2 Intel Xeon Processors at 2.8 GHz. But only one CPU
is used in all runs. The ODE solver used is ODE4S5 which is a nonstiff medium order
method. We set RelTol = 10~° and AbsTol = 10~ in all our runs.
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Our examples are constructed in the following ways.

Example 1. We construct the example in the following steps:
1. Select A = diag(—1le — 4, —1e —4,0,0,1,...,1) € R™*",
2. Let B =rand(n, n) and [Q, R] = qr(B).

3. Define A = 0TA0Q.

Example 2. This example is similar to Example 1 except A = diag(—1, —1,0, 0,
1,...,1) € R™" Itis worth of mentioning that the eigenvalues of A in both examples
are clustered into 3 groups. In Example 1, the minimum eigenvalue —10~#is relatively
close to the nearby eigenvalue 0. While in this example, the minimum eigenvalue— lis
not close to the nearby eigenvalue 0. The time of constructing the matrix A is not
included in the following CPU times.

The two starting points used are xo = (1, ..., DT and —xo.

4.1. Extreme eigenvalue model

Our numerical tests are aimed at the following three targets.

4.1.1. Target one: sensitivity to the initial point

In this group of tests, we fix n = 5000 and ¢ as defined in Section 3 (default
values). In fact, c = 5.32 for Example 1 and ¢ = 8.04 for Example 2. Our results are
summarized in Table 1.

The results in Table 1 indicate that (i) our continuous method for extreme eigen-
value problems is not very sensitive to the initial point; and (ii) for any starting point
X, it is normally more attractive to use Pgo(x) as the initial starting point than x.
Therefore, in the remaining numerical tests, we will adopt this policy.

4.1.2. Target two: sensitivity to ¢

In this group of tests, we fix n = 5000 and compare the effect of ¢ on the conver-
gence. The default values of ¢ (as defined in Section 3) are 5.32 and 8.04 for Examples
1 and 2, respectively.

Table 1
Numerical results for extreme eigenvalue problems—I
Example 1 Example 2
CPU (s) A 41074 CPU (s) A% 41
X0 469.1 3.0 x 1073 475.6 —6.5x 1070
Po(xq) 298.6 3.0 x 107 306.3 —58x 1070
—x0 469.0 3.0x 1073 474.9 —6.5% 1070
Po(—x0) 301.3 3.0 x 1073 305.6 —~5.8 x 1070

a) = (x*)T Ax* is the computed eigenvalue.
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Table 2
Numerical results for extreme eigenvalue problems—II
Example 1 Example 2
CPU (s) 224104 CPU (s) 2241
Po(xg) c=10 4235 3.0 x 1073 361.8 3.8 x 1077
¢ = default 298.6 3.0 x 1079 306.3 —5.8x 1070
c=2 253.5 3.0 x 1075 258.3 —4.0 x 1072
Po(—xp) c=10 422.4 3.0x 1073 362.0 3.8x 1077
¢ = default 301.3 3.0 x 1073 305.6 —58x 1070
c=2 252.6 3.0 x 1073 258.7 —4.0x 1072

a) = (x*)T Ax* is the computed eigenvalue.

The results in Table 2 clearly demonstrate that the smaller value of c, the faster
convergence. Even the default value always works in computation, yet it would be
more attractive to use a smaller value.

4.1.3. Target three: computational cost

In this group of tests, we fix the value of ¢ at 2 (Table 3) and default value (Table
4) to see the change of CPU times versus the problem size n.

It should be mentioned that the slow convergence in Table 3 for Example 1 with
n < 2500 is entirely due to the ODE solver (oscillation was observed). It is beyond
the scope of this paper to investigate the proper ODE solver and/or the corresponding
tolerance values.

It is very interesting to observe from Tables 3 and 4 that excluding those slow
convergence cases, the CPU time grows at a rate of n2t€ where € > 0. In addition,
this rate seems to be independent of the choice of ¢ value.

Table 3
Numerical results for extreme eigenvalue problems—IIT
c=2 Example 1 Example 2
CPU (s) A 41074 CPU (s) A 41
n = 1000 Pa(xp) 13,253 7.4%107° 124 —1.8x107?
Po(—xp) 13,290 7.4 x 1070 12.3 —1.8x 107
n = 2500 Po(xo) 10,694 1.7 x 1073 68.4 1.7 x 1077
Po(—xq) 10,729 1.7 x 107 69.3 1.7 x 1079
n = 5000 Pa(xp) 2535 3.0 x 1073 258.3 —4.0x107°
Po(—xq) 252.6 3.0 x 1075 258.7 —4.0 x 1072
n = 17500 Po(xp) 857.5 7.1 %x 1073 951.5 6.7 x 1079
Pa(—x0p) 861.8 7.1 %1073 953.8 6.7 x 1079

a) = (x*)T Ax* is the computed eigenvalue.
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Table 4
Numerical results for extreme eigenvalue problems—IV

¢ = default Example 1 Example 2
CPU (s) A+ 1074 CPU (s) A4+
n = 1000 Pa(xg) 13.8 73 %1077 15.6 —42x 1079
Po(—xp) 13.6 73 %1077 155 —42x 1079
n = 2500 Pa(xg) 85.3 3.1 x 1077 88.6 1.1 x 107°
Po(—x0) 85.6 3.1 x 1073 88.9 1.1 x 1070
n = 5000 Pa(xq) 298.6 3.0 x 1073 306.3 —5.8x 1070
Po(—xq) 301.3 3.0 x 1073 305.6 —5.8x 1070
n = 7500 Pa(xq) 1127 7.1%x 1077 1208 —49x 1079
Pao(—xq) 1136 7.1 %1073 1209 —4.9x 1079

a5 = (x*)T Ax* is the computed eigenvalue.

4.2. Interior eigenvalue model

Since our continuous model for interior eigenvalue problems is mainly based on
the continuous model for extreme eigenvalue problems. To avoid the repeated tests,
our numerical experiment will focus on the following three targets with n = 5000 in
all tests.

4.2.1. Target one: no eigenvalue in the defined interval
We select [a, b] = [—3 x 107*, =2 x 10~*]. Our numerical results are summa-
rized in Table 5.

Table 5
Numerical results for interior eigenvalue problems—I

Pq(xp) Pqo(—x0)

¢ = default c=2 ¢ = default c=2
Example 1
CPU (s) 280.6 105.2 279.5 107.7
A= )T Ax* —6.9 x 107 —7.0 x 107 —6.9 x 107 —7.0x 1075
lAX* = 2x*|| 0o 2.0 x 1073 4.0 x 107° 2.0 x 107 4.0 x 107°
W 1.4 x 1070 5.1x 1078 1.4 x 1070 51x1078
Example 2
CPU (s) 5383 111.0 534.4 106.0
A= )T Ax* 12 x 107 1.9 x 1078 1.2 x 107 1.9 x 1078
lAx* — Ax*|loo 59 %1077 2.4 %1070 5.9 x 1073 2.4 % 1070

W 1.2 x 1073 7.9 x 1078 1.2 x 1073 7.9 x 108
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Table 6
Numerical results for interior eigenvalue problems—II
Pq(xp) Po(—xp)
¢ = default c=2 ¢ = default c=2
Example 1
CPU (s) 85.5 45.6 105.6 30.6
= (x*)TAx* 1-1x10° 1+4x1072 1-1x107° 1+4x107°
lAx* — 2x*||oo 2.9 x 107 2.4 %1070 2.9 x 107 24 %1070
W —0.01 —0.01 —0.01 —0.01
Example 2
CPU (s) 147.0 65.7 142.4 66.3
A= ")TAx* 1-2x107° 14+6x1078 1-2x10"° 14+6x10°8
lAx* — Ax*]l0o 6.4 x 1073 23 x 1070 6.4 x 1075 23x 1070
w —0.01 —0.01 —0.01 —0.01

Since for every case in Table 5, u; > 0, our results in Section 3.2 guarantee that
there is no eigenvalue of A in the defined interval [a, b]. However since some 1;’s
are very small, to be safe, we need to check if a or b is an eigenvalue of A. This case
can be ruled out by checking if a or b is an eigenvalue.

4.2.2. Target two: one eigenvalue in the defined interval
We select [a, b] = [0.9, 1.1]. Our numerical results are summarized in Table 6.
From the results in Table 6, we can see that u; < 0 in all cases. The theory in
Section 3.2 ensures that there exists at least one eigenvalue of A in the interval [a, b].
The computed eigenvalues are all very close to the true one A* = 1 in all cases.

Table 7
Numerical results for interior eigenvalue problems—III
Pq(xp) Po(—xg)
¢ = default c=2 ¢ = default c=2
Example 1
CPU (s) 135.9 37.3 133.7 39.5
A= ()T Ax* 1—1x107° 1+1x1078 1—1x10° 1+1x10°8
lAx* — 2x*|loo 2.9 x 1073 2.7 x 1070 2.9 x 107 2.7 %107
w -1 -1 -1 -1
Example 2
CPU (s) 192.3 63.0 195.0 65.7
r= (x*)TAx* 1-2x107° 1+2x1078 1-2x10"° 1+2x1078
lAX* — Ax*]loo 6.4 x 1073 3.1x 1070 6.4 x 107 3.1x 1070

w -1 -1 -1 -1
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4.2.3. Target three: two eigenvalues in the defined interval
We select [a, b] = [0, 2]. Our numerical results are summarized in Table 7.
Once again, since u; < 0 in all cases, there exists at least one eigenvalue of A in
the interval [a, b]. From Table 7, we can see that the computed eigenvalues are very
close to the true one A* = 1 in all cases.

5. Conclusions

In this paper, two new continuous methods are proposed for symmetric eigenvalue
problems, one for extreme eigenvalue and one for interior eigenvalue problems. Our
approach is different from the existing ones in that a continuous path (or trajectory)
of the targeted eigenvalue is achieved. This is represented by a dynamical system (or
ODE) for each eigenvalue problem. Strong convergence results of our two continuous
methods are obtained. Our simulation results clearly indicate that our new methods
are very effective and attractive.

Currently, the authors are applying the same approach for other linear algebra
problems. Since there are many issues need to be solved and clarified, in addition,
the convergence speed of our continuous methods is pretty much dependent on the
ODE solver used, at this moment, the investigation on the continuous method is still
not enough for a side-by-side comparison with the existing numerical linear algebra
methods. The authors will continue to explore the continuous method before a full
comparison is conducted.

Our final remark is on dynamical systems (3.2) and (3.31) since the success of our
methods relies on the solutions of these systems. Notice that both (3.2) and (3.31)
are autonomous systems and their right-hand-sides are relatively simple. Therefore,
it is anticipated that by using some matrix-free ODE solvers, (3.2) and (3.31) could
be solved for large-scale systems.
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