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We are concerned with the numerical solution of a model parabolic partial differential equation
(PDE) in two spatial dimensions, discretized by Hermite collocation. In order to efficiently solve
the resulting systems of linear algebraic equations, we choose the Bi-CGSTAB method of van
der Vorst (1992) with block Red-Black Gauss-Seidel (RBGS) preconditioner.

In this paper, we give analytic formulae for the eigenvalues that control the rate at which
Bi-CGSTAB/RBGS converges. These formulae, which depend on the location of the collocation
points, can be utilized to determine where the collocation points should be placed in order to
make the Bi-CGSTAB/RBGS method converge as quickly as possible. Along these lines, we
discuss issues of choice of time-step size in the context of rapid convergence. A complete stability
analysis is also included. © 2000 John Wiley & Sons, Inc.
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[. INTRODUCTION

In the paper [1], we apply a block Red-Black numbering technique to the Hermite col-
location discretization of Poisson’s equation. The resulting system of linear algebraic
equations is solved using the well known Bi-CGSTAB method [2] with a preconditioner
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(hereafter referred to as the RBGS preconditioner) based upon the Gauss-Seidel method
with our Red-Black numbering. In [1], we derive analytic formulae for the eigenvalues
of the matrix that control the rate at which Bi-CGSTAB/RBGS converges. By varying
the location of the “collocation points,” we are able to enhance the rate of convergence
in an optimal manner. In the present work, we extend our results to a model parabolic
equation.

This paper is organized as follows. We first summarize the results for Poisson’s equa-
tion that we give in [1]. After introducing the model parabolic equation and deriving its
collocation discretization, we show how the analysis given in [1] for Poisson’s equation
can be extended to treat the model parabolic equation. We then discuss strategies for
time step size selection in the context of the eigenvalue analysis. Finally, we provide
a complete stability analysis, the technical details of which are included in a lengthy
appendix.

[Il. SUMMARY OF RESULTS FOR POISSON'S EQUATION

In this section, we give a brief summary of the results derived in [1] for Poisson’s equation

8%y  O%u
W+8—yz = H(z,y) (2.1)

with Dirichlet boundary conditions on the unit square [0, 1] x [0, 1], with m finite elements
in each of the coordinate directions, discretized by Hermite collocation.
We may write the resulting system of linear algebraic equations as

Ax = b, (2.2)

where A is 4m? x 4m? and has the block structure

[ V> Y; -V,
Y1 -Y; Y3 Y,
Y1 sz Y;3 _}/4
Y3 Y,
Y1 -1 RS
Y1 Y2 Yé _Y;l
— -1 Y; Y,
=7 Vi %, (2.3)
Y; -V, Y1 1
Y3 Y, Y1 -Ys
Y1 1
Y, -V, e
Y3 Y4 le _}/2
L =Yy i Yo |
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- ]

The submatrices Y;, i = 1,2,3,4, in (2.3) are all 2m x 2m and have the structure

which we abbreviate

a;2 Q3| —QGi4
A4 Q31| —052
Qi1 | QA2 @3 | —Qi4

;3| Qia Q1| —G;2

)

Qi1 | Q32 Q53| —Q44

)

;3| A4 Qi1 | —G42

>

Qi1 | Q52 Q3,3 | —Q4

;3|04 Q1| —0;2

) )

Qi1 | Q2 —0a;4

)

L a3 | Q34 —0;2 |

The values a; ;, 1,7 = 1,2,3,4, are given by

_ 12¢(6—1)(142¢)*

ai,1 = n2
(142¢)2 (1262 —86—1)
Q1,2 = Q21 = hZ
125263—452)
a13=0a31 = ——pz
—(142¢) (1-2¢6—206>+24€7)
a1,4 = Q4,1 =

h2
— (6£+1)(11-225) (26-1)

az,2 = 7
(1-2€) (—1—2642062 +24€°) (2.5)
a3 = 43,2 = ShZ
(26—1)(26+1)(1-12¢2)
2,4 = Q42 = A2
ass = _125(25711;2(&1)
(1-26)° (—1+8¢+12¢7)
a3.4 = Q4,3 = ) R2
asq = (26-1) (iéhérl)(ﬁﬁfl),

where h = L. The scaling procedure introduced in [3] and used in [4] and [5] has been
utilized in the generation of the values (2.5). Note the symmetry a; ; = a; ;.

The parameter ¢ in (2.5) governs the location of the four collocation points in the
interior of each of the m? finite elements. Specifically, let each finite element be described
in a local coordinate system by [—%, %] X [—%, %] Then the collocation points are located
at coordinates (576), (_é-vg): (fv _6)7 and (_fv _g)v where f € (Ov %)

With reference to (2.4) the preconditioning matrix P is chosen to be

o~ [£h]

The eigenvalues of concern are those of

I| RU
T-B LR U |’

P'A = {
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where [ represents the identity matrix of appropriate size. For rapid convergence, we
want P71 A to be “close” to I [6]. This is clearly equivalent to

_RU
—14 _
r=r A‘{ BlLRlU}

being “close” to the “null” matrix (i.e., the matrix whose entries are all zero). The null
matrix has all its eigenvalues equal to zero. Since I — P~'A may be viewed as a block
upper-triangular matrix, its spectrum (i.e., set of eigenvalues) is given by the union of
the spectra of those matrices on its diagonal blocks, namely the null matrix and

J=B"'LR™'U. (2.7)

We therefore expect the fastest convergence when the eigenvalues of J are clustered near
the origin of the complex plane. Formulae for these eigenvalues are given by complicated
expressions found in Theorem 3.5 of [1].

Armed with these eigenvalue formulae, we see that we can enhance the speed of con-
vergence of BICGSTAB/RBGS in an optimal manner by chosing ¢ appropriately. The
traditional value for £ is \/% which, given certain smoothness conditions, provides great-
est accuracy [7]. We refer to ¢ = \/% as the “Gaussian” value for ¢ because this choice of
¢ is equivaluent to placing the collocation points at the points of Gaussian quadrature.
For fixed accuracy and fixed problem size, we find that choosing & optimally results in
speedups (often significantly) greater than 20% when compared to using its Gaussian
value. Furthermore, for sufficiently (modestly) large m, the optimal value for ¢ is rela-
tively insensitive to m and is approximately equal to 0.154.

[ll. THE MODEL PARABOLIC EQUATION

We now consider solving the parabolic PDE

ou O%u 0O%u

= 42 —H(xuyt), 3.1

ot 02 " oy (2,y,1) (3.1)
with Dirichlet boundary conditions and appropriate initial conditions, discretized by
Hermite collocation on the unit square [0, 1] x [0, 1] with m finite elements in each of the
coordinate directions. We approximate the time derivative by

ou  uth) — gy

where the superscript (n) indicates the value of u after n time steps.

The matrix A of (2.2), whose entries are given in (2.5), can be considered to represent
the operator B;E;) + 8;;;) in (2.1). Analogously, we form the matrix C to represent the
operator (e). (Details may be found in [8].) We find that matrix C' has ezactly the
same structure as matrix A, where the entries of C' are given below. Note the symmetry
¢ij = ¢j; and thus the correspondence in the indexing of (2.5) and (3.3). Once again,
the scaling procedure of [3], [4], and [5] has been utilized in the generation of the values
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Ci,j, Z:.] = 1727374'

_ 2 4
1y = (1=¢) g1+2£)

_ (1=29(1-9(1+2¢)*

C1,2 = Ca,1 = 16
13 =c3q = (1_25)2(1_5)4(1+5)(1+2£)2
C1a=ciq = (1—25)2<11—65)(1+2£)3
Con = (1—25)Zél+25)4 (33)
(23 =30 = (1-2¢) (1;6&)(1%5)2 )
Cop = g g = (A2 (220
c35 = U=20040)°
Ca = g = (H2AHOA-20*"
e q = (20202200

If we now introduce (3.2) into (3.1) and evaluate the right side of (3.1) at the collo-
cation points at time 6 +("*t1) 4 (1 — @) t(®), where 0 < # < 1, then we obtain the matrix
form of the collocation discretization of the parabolic PDE (3.1):

Cx (1) — Ox(m)

= ) [Ax<"+1) - b<”+1)] +(1-8) [Ax<") - b(”)] . (34)

Letting
T=0At (3.5)
and 7 = (1 — 0) At, we may express (3.4) as

(C = 74)x" D) = (O +74)x(™ — (Tb(n+1) + ?b(")) . (3.6)

Equation (3.6) defines how we may move from time step (n) to time step (n + 1) be-
cause, at time step (n), all the vectors on the right side of (3.6) contain known values.
We may therefore apply to (3.6) the preconditioned Bi-CGSTAB algorithm that we de-
veloped for (2.2). That is, at each time step in (3.6), we iterate to convergence using
Bi-CGSTAB/RBGS.

We may express (3.6) as

A*X(n+1) — b*(n—i—l)

where A* = C — 74 and b*("*V is the right side of (3.6). Because matrices A and C
have the same structure, we may write, analogously to (2.4) and (2.6) respectively,

. [R|U*T

A=
and

. [ R

=)

We now apply the analysis in [1] to determine the eigenvalues of

J* — (B*)flL*(R*)flU*
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(compare to (2.7)), which govern the rate at which BICGSTAB/RBGS converges when
applied to (3.1). Use of this analysis is permissible because matrices A and C have
precisely the same structure.

Theorem 3.1. The eigenvalues of J* are given by the following recipe. We first define
v = % (3.7)
Let aq; = [(5 — 64&2 + 288¢* — 51265 + 256¢°)
+cj (=14 1662 — 96¢* + 25660 — 256¢°)]
+ [(176 — 22406 + 7424€* — 5120€°%) + ¢; (=16 + 4482 — 2816¢* + 5120¢°) | v
+ [(1280 — 2355262 + 24576£*) + ¢; (—256 + 5120€% — 24576¢*) ] v2.
Let by, = [(5+20€ — 2462 — 1766° — 64¢* + 448¢° + 3845 — 256¢7 — 256¢°)
+cj (=1 — 4€ + 8¢% + 48¢% — 192¢° — 128¢° + 256¢7 + 256¢8) ]
+ [(176 + 1024¢ + 448¢% — 5120£% — 5888¢% + 4096¢° + 5120£5)
+cj (—16 — 128¢ + 64€% + 1536¢° + 128061 — 4096¢° — 5120¢°%)] v
[(1280 + 10752¢ + 19456£2 — 143363 — 24576¢*)
+c; (—256 — 1536¢ — 1024€2 + 14336¢° + 24576¢1) | v2.
Let ag; = [(—5 + 69¢? — 352¢* + 8005 — 768¢® + 256£10)
+e; (1 — 1762 + 1126* — 35265 + 51268 — 256£10) ]
+ [(—96 + 171262 — 7872¢* + 11520£° — 5120¢8)
+c; (—272€2 + 2496¢* — 6912¢° + 512068) | v
+ [(—192 + 11520£% — 36864¢* + 24576£°)
+c; (192 — 2304¢% + 18432¢* — 24576¢5) | 2.
Let bg]. =
[(—5 — 30€ — 21€2 + 184¢3 + 320¢* — 288¢> — 800£° + 128¢7 + 768¢" — 256¢10)
+cj (1+ 66 + &% — 5683 — 80¢* + 16067 + 352¢% — 128¢7 — 512¢8 + 256¢10) ]
+ [(—96 — 816& — 14562 + 2688¢ + 7872 — 1792¢% — 1152065 + 5120¢7)
+c;j (48€ + 1667 — 115263 — 2496£* + 1792¢° + 6912£5 — 5120¢%) | v
+ [(—192 — 3456¢ — 11520£2 + 4608&> + 36864&* — 24576£5)
+cj (192 + 1152¢ + 2304€2 — 4608¢% — 18432¢* + 24576¢°) ] v2.
aq; + 256g;0° and 5 = ag, £ 192¢;1*
ba J bB

J

Now define oz]i = , where

i

g = 25\/(1654 — 2462 4 21) + ¢; (—3261 + 18) + ¢2 (1664 + 24¢2 — 3).
The sets {di}?g)fl and {Ei}?;n(;l are defined by

2m—1 _ _
{d;};" = {ab",af,al ,...,azfl,amfl,a;}

{Ei}?;noil = {6(;;6;>61+)'--7/8;1717/8;72717/8771}'

Then the 2m? eigenvalues of J* are the elements of the set

ZI%,i + ZEZdZ + \/Z]%ﬂ (ZI%,z + 4Eldl)

{u:,u:d?}U{,u:uzaidi}U W= 5 )
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where zp,; = (Ei — di) cosfy; 0, = %; k=1,2,...82-1;i=0,1,...,2m—1; ¢; = cosbt;;
j=0,1,....,m.

IV. ANALYSIS

Consider the matrix
A*=C - TA. (4.1)

By comparing (2.5) and (3.3), it is clear that the entries of A are significantly larger
than those of C, due primarily to the presence of the h2 term in the denominator of the
entries of A. For convenience, let us rewrite (4.1) as

A*=C —vA°,

where v is given in (3.7) and A% = h2A. We note that A% is independent of h and
depends only upon £. Thus the entries in C and A are of the same order.

So, for values of v that are large, vA® dominates C' and we obtain results very similar
to those given in [1], including the characterization of the optimal value of £ (i.e., the
value of £ € (0,1) that produces the fastest convergence of Bi-CGSTAB/RBGS) as ap-
proximately 0.154 for sufficiently large m [1]. (The optimal value of £ is determined using
the MINOS optimization software (see [9] for documentation) applied to the objective

2
function of & Ha (I— (P*)*A*)H = llo (7912
2

If, however, v is small, then the presence of the matrix C' becomes significant. In

Figure 1, we show how Ha (I — (P! A*) H varies as a function of ¢ for various values
2
of 7 for m = 20. (Here o(e) is the vector whose entries are the eigenvalues of matrix
e.) For 7 > 107}, the corresponding curve is visually indistinguishable from that of
7 =10""1; for 0 < 7 < 1079, the corresponding curve is visually indistinguishable from
that of 7 = 1075, What is particularly interesting is the fact that for sufficiently small
T, we may obtain Ha (I — (P! A*) H ~ 0, provided ¢ is chosen appropriately. Note
2

that this is precisely the condition we desire for optimal clustering of eigenvalues about
the origin of the complex plane, which in turn corresponds to fastest convergence of
Bi-CGSTAB/RBGS.

In Figure 2, we consider the value of HO’ (I — P! A*) H that corresponds to opti-

2
mal ¢ as a function of 7 for m = 10, 20, 30, and 40. We see that by making 7 sufficiently
small, we may obtain optimal ¢ that makes HO’ (I — (P! A*) H ~ 0.
2

Figure 3 shows the optimal value of £ as a function of 7 for m = 10, 20, 30, and 40. We

plainly see that as 7 decreases, the optimal value of ¢ increases for all values of m shown.

Indeed, for very small 7, the optimal value of ¢ is approximately % In particular, should

we wish to use the Gaussian value of £ = \/% ~ 0.29, we may select 7 appropriately.
Thus, at each time step, if we seek to solve the collocation discretization (3.6) as
quickly as possible, we may set the value of 7 to be sufficiently small to achieve

(-] 0

Since 7 = 6 At, small values of T force either small time steps or small 8 (which corre-
sponds to a mostly explicit time advance).
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30
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0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5

FIG. 1. o (I—(P")""4")

|2 as a function of ¢ for various values of 7 for m = 20

V. STABILITY

Let us now examine the stability of the time-stepping scheme (3.6), which may be written

x(Mt) = Wwx(® — p™), (5.1)

where
W =(C—0AtA)™" (C+[1—6] At A)
and

p™ = (C—0AtA)" [0 Atb ) 4 (1 - 9) Atb(”)] .

For stability, we require all the eigenvalues of W to lie inside the unit circle in the complex
plane. We may write

W =(I-60pG) " (I+[1—0]pG),
where G = h>C~'A = C~' A% (the entries of which depend only on ¢) and where

At

p
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"
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FIG. 2. o (1—(P*)~" A7)
of m

|2 corresponding to optimal £ as a function of 7 for various values

Appealing to well-known linear algebra facts (see, for example, [10]), we see that the
eigenvalues of G and those of W are related: If A is an eigenvalue of G, then %
is an eigenvalue of W.

We show in the Appendix that all eigenvalues of G are real and negative (see Lemma
7.3 and Theorem 7.7). (Actually, the eigenvalues studied in the Appendix are those of
C~'A. But if § is an eigenvalue of C~' A, then h%J is an eigenvalue of G.) If we then
let A\ = —w?, where w is a real number, then the condition that ensures stability of the

time-stepping scheme (5.1) is
1-w?(1-0)p
——| <L 9.3
‘ 1+ w?0p - (53)

Algebraic manipulation of (5.3) yields the stability condition
wip (1 —26) <2, (5.4)

which must be true when 1 < 6 < 1. That is, if 1 <6 <1, we get unconditional stability
(i.e., stability irrespective of the value of p). If, on the other hand, 0 < 8 < 1, stability is
guaranteed only if p satisfies (5.4) for all appropriate values of w?, i.e., for all eigenvalues
Aof G.

We thus see that if we want both unconditional stability and the very rapid convergence

that occurs when Ha (I — (P! A*) H ~ 0, we must choose very small time steps. For
2
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optimal &

FIG. 3. optimal £ as a function of 7 for various values of m

example, with reference to Figure 1, we achieve
|7 (1= ar)| ~o
2

for m = 20 when ¢ =~ 0.32 and 7 ~ 10~%. Recalling (3.5), we see that unconditional
stability requires that 107* < At < 2-107%.

Let us compare this restriction on At to that imposed by the fully explicit time-
stepping scheme corresponding to § = 0. With reference to (5.4) and the fact that all
eigenvalues of G are real and negative, it is clear that if (5.4) holds for the largest value
of w? (which corresponds to the eigenvalue greatest in absolute value), then (5.4) holds
for all relevant values of w? (i.e., for all eigenvalues A of G). Thus (5.4) may be written

Wi p(1—260) < 2. (5.5)
Using Corollary 7.8, we may easily derive a formula for w2, :
48

Note that w2, depends only upon &; in particular, w2, is independent of problem
size m.

Using (5.6), we find that w5 # 81.3 corresponds to & = 0.32. Setting h = L = 0.05
and recalling (5.2), we see that (5.5) requires 0 < At < 6.15- 107> for stability of the
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TABLE I. Number of iterations required for convergence of the model parabolic equation over
one time step for various time step sizes

At  optimal £ iterations

107 0.32020 2
1072 0.20409 4
1072 0.16094 12
1071 0.15742 26

fully explicit time stepping scheme. Recall that the time step restriction for unconditional
stability and very rapid convergence was 107% < At < 2-107%. Thus for this example,
the largest time step permissible for unconditional stability and very rapid convergence
is roughly three times the size of time steps imposed by stability requirements for the
fully explicit time-stepping problem.

We saw above that if we take very small time steps, then it is possible to achieve
very rapid convergence. A natural question to ask is: If we increase the time step size,
how will the commensurate increase in iterations required for convergence compare? For
example, if we double the time step size and the number of iterations increases by less
than a factor of two, then we should take one doubled time step as opposed to two
smaller ones. On the other hand, if we double the time step size and the number of
iterations increases by more than a factor of two, then it would be less expensive to take
two smaller time steps instead of one doubled larger one.

To examine this question, we solved the model parabolic equation (3.1) over one time
step for various time step sizes. We used m = 20 and 6 = % The boundary conditions,
initial conditions (at ¢ = 0), and forcing function were chosen to correspond to the exact
solution of u(x,y,t) = 2%y(1 + e~t). For each value of At, we used the corresponding
optimal value of ¢ as determined from the MINOS optimization software. The results
are given in Table L.

We see from Table I that taking very small step sizes to obtain extremely fast conver-
gence is not a good strategy. For example, if we took ten time steps each of size 107%,
we would require 20 iterations. This is much greater than the 4 iterations required by
taking a single time step of size 1072. Although these reported results occur at the first
time step, qualitatively similar results occur at later time steps as well.

VI. SUMMARY

We derived analytical formulae for the eigenvalues that govern the rate at which the
Bi-CGSTAB/RBGS method converges to the solution of matrix equations arising from
the Hermite collocation discretization of a model parabolic PDE. These formulae depend
upon collocation point location, which can be chosen optimally. Strategies for selecting
time-step size are discussed. In addition, we derive analytical formulae for eigenvalues
that govern the stability of solving the model parabolic PDE.
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VII. APPENDIX: THE EIGENPROBLEM OF C— 1A

We discuss here the eigenproblem for the matrix C 1A, the results of which are cited in
the stability analysis above. We first present analysis for the one-dimensional problem
and then use these results to study the two-dimensional case. An analysis for the one-
dimensional case is included in [11], but is limited to the Gaussian collocation point

location ¢ = —= and uses an approach quite different from ours.

ﬁ

A. One-dimensional formulation

For details of collocation in one spatial dimension, see, for example, [8]. For our puposes,
the domain [0, 1] is partitioned into m uniform linear finite elements and two collocation
points are chosen in the interior of each. Two degrees of freedom (u and Z—’;) exist at each
of the m + 1 nodes 0 = g, z1,22,...,%, = 1. In the one-dimensional problem, matrix
A represents the differential operator d;i;) while matrix C represents the operator (e).
The eigenproblem may be written

O 1 Ax =6x (71)
which is equivalent to
Ax—-iCx = 0. (7.2)

This is merely the collocation discretization of the (continuous) Sturm-Liouville ordinary

differential equation
d*u

with homogeneous Dirichlet boundary conditions on the interval [0,1]. The solution of
(7.3) consists of the eigenfunctions

u = sin jrx (7.4)
and the eigenvalues
d=- (j7T)2 )
j=123,...
With reference to [8], we see that we may write
B a -
v —a B
—a —f a —vy
a vy —a f
A = ’ - . )
—a —f a —vy
a vy —a f
—a —f —y

a v B ]
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where a = 3%, 8 = %5 5 = 84
(X 3¢ ¥ ]
(4 ¥+C —-X
F4¢ x b-¢ -
5—¢C ¥ 5+¢ —x
C = T )
¢ ox b-¢ v
3—C ¥ P +¢ —x
? +¢ x —v
L 3¢ ¥ —x|
where y = (1+25);(1—25), b= (1—2&)2(1+25)’ (= 5(3—245)2; and
X = ¢1X1 + X2, (7.5)
where
(m — j)mwcos[(m — j) mxo] 7 [ (m+ j)mcos[(m+ j) mxo]
sin [(m — j) wz1] sin [(m + j) mz1]
(m — j) wcos[(m — j) mz1] (m + j) wcos[(m + j) mz1]
sin [(m — j) mx2] sin [(m + j) mx2]
X1 = and x» = :
(m = j) mweos[(m — j) T&m 2] (m + j) wcos [(m + j) mTm 2]
sin[(m — J) 7Tm—1] sin[(m + J) 7@ m-1]
(m = j) weos [(m — j) m&m 1] (m + j)wcos[(m + j) mTm 1]
L (m—j)mcos[(m —j)mrm] L (m+j)mwcos[(m+j)mrm] |

Here =, = % =kh, k =0,1,...m and j = 0,1,...m. It is clear that x; and x>
are merely Hermite discretizations of the eigenfunctions (7.4) with the homogeneous
Dirichlet boundary conditions included. We require entries with cosines because the
Hermite basis polynomials (see [8]) interpolate both eigenfunction values (i.e., the sines)
and their derivative values (i.e., the cosines). Since every non-zero scalar multiple of
an eigenvector is again an eigenvector, we may, without loss of generality, assume that
¢; = 1 and replace (7.5) with

X = X1 + C2X2.

It is evident that solving the eigenproblem (7.2) is equivalent to solving the system of
two equations

[—a—é(%—l—()]vl—l—[—ﬂ—éx]vz%- [a—a(%—c)]vﬁ[—yww]w:o (7.6)

{a—&(% —C)] v1 + [y — 0Y]ve + [—a—é(%—l—()] v3+ [B+dx]va=0 (7.7)
in the two unknowns ¢ and c¢,, where
vy =sin[(m — j) mxg] + easin[(m + j) wag]
vy = (m — j)mcos[(m — j) wxk] + ca (m + j) wcos [(m + j) mxy]
vy =sin[(m — j) mxp41] + cosin[(m + j) T@p41]
ve = (m — j)mcos[(m — j) mxpq1] + co (m + j) weos[(m + j) mxpy1] .
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Since (7.6) and (7.7) hold for all k = 0,1,...m — 1, we simplify matters by considering
the case k = 0. In this case, z = z9g = 0, 341 = z1 = h, and, using trigonometric
identities, we obtain

v = 0
vo =7m[m —j+ c2(m+j)]
vy = (1 — ¢o)sinjmwh (7.8)
vy = —v2 COS jh.

We now eliminate ¢y from the system (7.6), (7.7), obtaining a quadratic equation in d:

aé® + b5 +c =0, (7.9)
where
a = i (26 — 1) (26 + 1) (5 — 4% + ¢ — 4€%) (7.10)
b = % (=3 +4€% + 4€%)
¢ = %‘f (1+9).

Here ¢ = cos jmh. The discriminant b — 4ac is %D*, where

D* = (21 — 24€% + 16€6%) + (—18 + 326%) ¢ + (3 + 2462 + 16¢%) ¢,

Lemma 7.1. The eigenvalues 0 that satisfy the quadratic equation (7.9) are all real.
Proof. It suffices to show that D* (§,¢) > 0 on the domain & € (0,3%), ¢ € [-1,1].
On the boundary of the domain, we see that D* (£,¢) > 0:

D*(0,6) = 3(1=¢)(T+5) 20
1
D* <§,§> =4(2-¢°>0
D*(&,-1) = 36>0
D* (£,1) = 64¢* > 0.
We will be done when we show that there are no critical points in the interior of the
domain. Indeed, setting % = 16£(1+5) (3 + 3¢+ 4£2 + 4§£2) equal to zero implies

3—4¢?
34

2 (—9 — 3¢+ 24¢€? + 16€* + 16§f4) equal to zero implies ¢ = %ﬁ‘iw. We thus
have critical points where ¢ satisfies

3482 9 — 16¢*
34+4€2 —3424€2 4+ 16647

that ¢ = —1 (which is on the boundary of the domain) or ¢ = Setting 88—[2* =

(7.11)

However, it is easy to see that (7.11) reduces to a contradiction. This shows there are
no critical points in the interior of our domain, allowing us to conclude that D* (£,¢) is
indeed non-negative. -

Lemma 7.2. In (7.10), we have a <0, b <0, and ¢ <0.
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Proof. To show a < 0, it suffices to show that a* (£,¢) = 5 — 4£2 4+ ¢ — 4£2¢ > 0.
Note that a* is linear in ¢ and that

a*(§,-1) = 4>0
a* (£,1) = 2(3-4¢&) >0.
Therefore a* (§,¢) > 0 and thus a < 0.

To show b < 0, it suffices to show that b* (£,5) = —3 + 42 + 4€%¢ < 0. Note that b*
is linear in ¢ and that

b* (£,-1) = -3<0
b*(£,1) = —3+8¢2 <.
Thus b* (£,¢) < 0, which implies b < 0.
That ¢ < 0 is obvious. -

The sum of the roots of (7.9) is _Tb, which must be negative. The product of the roots
of (7.9) is £, which must be non-negative. It must therefore be the case that both roots
of (7.9) are negative or that one is negative and one is zero. Since the roots of (7.9) are
the eigenvalues we seek, we know that all eigenvalues ¢ are non-positive.

If 6 = 0, then the product of the roots of (7.9) is zero, so we have ¢ = 0. Thus ¢ = —1
(see (7.10)), which, by the definition of ¢, implies that j = m. In this case, (7.2) reduces
to

O = O =

2mmes A | C | = 0.

== O

Since A is non-singular, we conclude that ¢o = 0. But this implies that x in (7.1) is a
zero eigenvector, which is impossible. So é = 0 is not an eigenvalue, proving

Lemma 7.3. All eigenvalues § of (7.1) are negative.

According to (7.9), the eigenvalues should occur in pairs given by the quadratic for-
mula. However, we just saw that for j = m, one solution of (7.9), namely § = 0, is not
an eigenvalue. If, on the other hand, we have j = 0, then (7.8) becomes v; = vz = 0
and vy = —vy = mm (ca + 1). In this case, (7.6) and (7.7) are identical, producing one
equation in the two unknowns cs and &:

czt1 2 2602
e 7 (—8 — h?6 + 4h*6€%) = 0.
If ¢ = —1, then v2 = vy = 0, which implies the impossibility that x is a zero eigenvector.

Thus the case j = 0 also provides a single eigenvalue.
We can summarize:
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Theorem 7.4. The 2m eigenvalues § of (7.1), which are all negative, are determined
by solving the quadratic equation (7.9) for j = 0,1,...m. When j =0 or j = m, we
produce only one eigenvalue for each of these values of j. For j = 1,2,...m — 1, we
produce two eigenvalues for each value of j.

Corollary 7.5. Of all the eigenvalues of C 1A, the one that is greatest in absolute
value corresponds to j = m.
Proof. The eigenvalues § are given by the quadratic formula

_ —b£ Vb —4ac
- 2a ’

where a, b, and ¢ are given in (7.10). To prove the corollary, it is clear that it suffices to
show that j = m maximizes a (i.e., makes the denominator in (7.12) a negative number
of smallest possible absolute value); minimizes b (i.e., makes —b the largest (positive)
number possible); and maximizes b?> — 4ac (i.e., makes b?> — 4ac the largest (positive)

5 (7.12)

number possible). Recall that j = m corresponds to ¢ = —1.

We saw in the proof of Lemma 7.2 that a* is linear in ¢. Since Ba;f =1-4£ >0, we
see that a* is minimized at ¢ = —1. Thus a is maximized at ¢ = —1.

We also saw in the proof of Lemma 7.2 that b* is linear in ¢. Since %—b: =4£% >0, we
see that b* is minimized at ¢ = —1. Thus b is minimized at ¢ = —1.

Since b < 0 is minimized at ¢ = —1, we see that b? is maximized at ¢ = —1. To

maximize § in (7.12), we thus want to subtract from b? the non-negative quantity 4ac of
minimum magnitude. This is achieved when ¢ = 0, which, as we saw above, occurs when
¢ = —1 | ]

Corollary 7.6. For the one-dimensional problem, the eigenvalue of C~'A of greatest
magnitude is 6 = iﬂ(%ﬁgz)-

Proof. It is clear that, with respect to (7.12), we have
0y <d_<0.

When ¢ = —1, which corresponds to the eigenvalue of greatest magnitude, we obtain
Ot = mimaen: .

We make one last comment before tackling the two dimensional problem. It is clear
that once we have obtained the value of an eigenvalue ¢, we may substitute this value into
either (7.6) or (7.7) to find the value of the corresponding parameter ¢z, thus allowing
us to compute the eigenvector corresponding to the eigenvalue 9.

B. Two-dimensional formulation

We now discuss the analogous two dimensional problem. That is, we want to solve the
eigenproblem

C ' Ax =6x. (7.13)

2 2
In this case, matrix A represents the differential operator 8852) + 88—?5;) while matrix C
represents the operator (e). As in the one-dimensional case, the eigenproblem (7.13) may

be written

Ax—-6Cx = 0. (7.14)
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This is merely the collocation discretization of the (continuous) PDE

8%y O%u

w+6—y2—6u:0 (715)

with homogeneous Dirichlet boundary conditions on the boundary of [0,1] x [0, 1]. The
solution of (7.15) consists of the eigenfunctions

u = sin jrz sin b7y (7.16)
and the eigenvalues
§ =—(jm)* — (¢m)?, (7.17)

Jj,€ =1,2,3,... Let us interpret the result (7.17) as follows. The eigenvalues given by
(7.17) are precisely the sum of the eigenvalues of two one-dimensional problems (7.3).
The corresponding result for the discrete two-dimensional eigenproblem (7.14) is com-
pletely analogous to that for the continuous two-dimensional eigenproblem (7.15). We
first consider to have two sets of identical eigenvalues to the one-dimensional problem:

Let A; = {6{, 8. .., (gm} be the eigenvalues of the one-dimensional problem (7.2) and
let Ag = {6{,05,...,0%,} be such that &, = ¢ for k =1,2,...,2m. Write § in (7.14) as
0 =0 + d¢, where 0; € A; and d; € Ay.

We now write the four (because, for two-dimensional problems, we have four colloca-
tion points per rectangular finite element) equations analogous to (7.6) and (7.7):

My T [ Mz 1T My T [ Mz |7
M;i» My M3s M3y
M3 My Ms3s M3,
—Mi4 —M;i» —M34 —M3»
Mo, Mos My, Mys
M2 My My My
M>3 Moy My3 My,

— Moy —Mo>s —Myy — My

Ma, v = Mas v = My, v = My v=0 (7.18)
M3, M3, My» My

Ms3s M3, M3 My,

— M3y —Ms3s —Myy — My,

—My —My3 —M>y —M>3

—My» —Myy — M2 —M>y

—My3 — My —M>3 — M

My J My J | M2y | | M2 |
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where

and v (analogous to (7.8)) contains the linear combination of relevant entries of the

as2 —0c32
a3z —0c33

discretized eigenfunctions (7.16):

where

a1 —0c11 (% + C) [—a 0; (% +C)]
a2 —0ci2 (3 +¢) [-B—dix]
ety = (440 [0, (0]
a1,4 —0cCi,4 (%4—() v — ;9]
as1 —dc2 X [—a —d; (% +C)]
azz —0c22 X [=B —d;x]
viados = x[em (1-0)
az4 —0c24 x [y — ;9]

a1 —desn = (3-¢) [~a—0; (5+0)]

as,4 — 0C3,4 (% - ) v —6;¢]
cn—bens = b[-a—d; (3+0)]
a4,2 —0ca 2 P[—B8 —d;x]
a4,3—6(:4,3 1/1 [a—éj (% —C)]
as,4—0ca ¥y — 69

8
vV = E dek,
k=1

0
(m—j)msinL
sin J sin L
—(m —j)mcosJsinL

0
—(m—j)(m—£€)n%cos L
—(m —{€)mwcos LsinJ
(m —j) (m — £) 72 cos J cos L

0

oo O O

(m = j) (m — ) «*
(m—{)msinJ
—(m—=j)(m—{)n?cosJ |

BRILL AND PINDER

a6 (3-¢)]

(3+¢) [y —det]
X [Y — 0¢¢f]

(% - C) [v — 0ee)]
Y [y — 0y

+++++ A+t

0
—(m—j)msinL
—sinJsin L
(m —j)mcosJsin L

0
—(m—j)(m+£€)7?cos L
—(m +{)wcos Lsin J
(m —j) (m+€)7?cos Jcos L

0
0
0
0

0
(m = j) (m + £) 7
(m+€)msinJ
—(m —j)(m+£€) 7 cos J
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0
(m—{)msin J
sin J sin L
—(m —£)mwcos LsinJ

0
—(m —j)(m —€)m%cosJ
—(m —j)mcosJsin L
(m —j) (m — £) 7% cos J cos L

0

oo O O

(m —j) (m — €) 7
(m—j)msinL

—(m—j)(m—{)n%cosL

0
(m+¢) 7sin J
—sinJsin L
—(m +{)mcos LsinJ

0
—(m —j) (m+€)7?cos J
(m —j)mcosJsinL
(m —j) (m + £) 72 cos J cos L

o

oo O O

(m = j) (m + ) 7
—(m—j)msinL
—(m—j)(m+{)n%cosL

0
—(m—{0) wsinJ
—sin Jsin L

(m — £) wcos LsinJ

0
—(m+j)(m —£) 7 cos J
—(m+j)mcosJsin L
(m + j) (m —€) 7 cos Jcos L

0
0
0
0
0

(m+j) (m— )
(m+j)msinL

—(m+j)(m—{€)n*cosL

0
—(m+ ) wsinJ
sin J sin L
(m +€) mcos Lsin J
0
—(m+j) (m +£) 7 cos J
(m+j)mcosJsin L
(m+ j) (m+ €) 7 cos Jcos L
0

OO O O

(m + ) (m + £) 52
—(m+j)msinL
—(m+j)(m+ ) nx*cosL
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0
(m+j)msinL
—sinJsin L
—(m+j)mcosJsinL

0
—(m+j)(m—{€)n®cos L
(m — £) 7 cos Lsin J
(m + j) (m — €) 7 cos J cos L

0

oo O O

(m+j) (m— €))7
—(m —£)wsinJ
—(m+j) (m —£€)n?*cosJ

BRILL AND PINDER
0 -
—(m+j)msinL
sin J sin L
(m 4+ j)mcosJsin L

0
—(m+j)(m+£€)7?cosL
(m + ¢) 7 cos Lsin J
(m + j) (m + €) 72 cos J cos L

0

oo O O

(m +j) (m + £) w?
—(m+ L) mwsinJ
—(m+j) (m+ )7 cos J J

Here J = jmh and L = ¢xh. We have assumed here (without loss of generality and
by analogy to our assumption in the one-dimensional analysis) that k¥ = 0, providing

zp = yr = 0 and Tg41 = 1 = Ygp41 = y1 = h. The values di, k = 1,2,

..., 8, that

produce the eigenvector x in (7.14) (or, equivalently, give the vector v that satisfies

(7.18)), are seen to be

ds=(m+j)(m+0, d==L(1-c)—c5—d;
ds=—(m+j)m—0), dy=L(1-ch)—1—dy
dy=—(m—75)(m+1), d7:%cé_(1—cg)—c;¢£—d4
dg = (m —j)(m—10), dg:%c%(l—cé)—c%—dﬁ

Here ¢} is the value of ¢, corresponding to the eigenvalue ; of the one-dimensional prob-
lem while ¢§ is the value of ¢y corresponding to the eigenvalue &, of the one-dimensional
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problem. With these choices of di, k = 1,2, ...8, the vector v becomes

0
[vd] [(1 = c§) sinL]
(1= ) sing] [(1 =) sinL]
[—Ug cos J] [(1—cf)sinL]
0
[vj } [v§ cos L]
[(1 - c;) sin J] [v§ cos L]
v = [—vg cos .fl [v§ cos L] , (7.19)

OO O OO

o8] (=]
(1= ) sinJ] [~vf]

[—vg cos J} [—vf]

where

v = [(m=j)+c] (m+)]
vi=m[(m—10)+ch(m+10)].

(Note the analogy to (7.8) (for the one-dimensional problem).)
It is interesting to observe, given the definition of v in (7.19), that the left sides of the
equations (7.18) can be represented as linear combinations of

n
A
I

J [_/8—6]'X]UQ+|:C!—5]' (%—C>:|’U3+[—’7+5j1/)]’04:0

Z% [7_5j1/1]1)2+[—a_5j <%+C>}v3+[ﬂ+5jx]v4=0

f = 8- 0ndu+ o= (5 =) | o+ [y bloa =0

I
M
Il

§ = b= st [-a=dc(34¢) |+ B+ dndua =0,

which are simply the left sides of (7.6) and (7.7) under the simplifications which result
in (7.8) for eigenvalues d; and d,. Note that there are four separate equations in (7.18)
of the form m?v = 0; denote them as (a), (b), (c), (d) (from left to right). With this
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notation, we find:

= [(3 +¢) (1 = cb)sin L + xv§ cos L + yvi] 2]
(1 c%) sinJ + 1/JU2 cosJ + XUQ] 25

(1 c;) sin J + Xv2 cos J + 1111)2] 2
= [(3 10 (L -ef) sinL 4 vnfcos L+ o) o
(1 c;) sin J + 1/11;2 cosJ + sz] 21

Q) (1- 02) sin L + 1v§ cos L + xv] 25+
(% 4 C) 1-— 02) sinJ + XU2 cosJ + 1/}'02] Zl

Now that the eigenvalues and eigenvectors of the two-dimensional problem are fully
described in terms of their one-dimensional counterparts, we may state our results:

Theorem 7.7. Let A; = {eigenvalues of the one-dimensional problem given in Theo-
rem 7.4}. We know, from Theorem 7.4, that A; contains 2m elements. Let Ay = A;.
Then the 4m? eigenvalues § of (7.14), which are all negative, are given by all possible
sums of the form

5:5]'4-5[

where 6; € Aj and §; € Ay.
Using Corollary 7.6 and Theorem 7.7, we obtain

Corollary 7.8. For the two-dimensional problem, the eigenvalue of C~' A of greatest
magnitude s

—48
h? (1 —48%)°

This result was used above in Equation (5.6).

0=
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