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A LEGENDRE SPECTRAL COLLOCATION METHOD
FOR THE BIHARMONIC DIRICHLET PROBLEM

BERNARD BIALECKI! AND ANDREAS KARAGEORGHIS?

Abstract. A Legendre spectral collocation method 1s presented for the solution of the biharmonic
Dirichlet problem on a square The solution and its Laplacian are approximated using the set of
basis functions suggested by Shen, which are hnear combinations of Legendre polynomials A Schur
complement approach 1s used to reduce the resulting linear system to one involving the approximation
of the Laplacian of the solution on the two vertical sides of the square The Schur complement system
1s solved by a preconditioned conjugate gradient method The total cost of the algorithm 15 O(N?)
Numerical results demonstrate the spectral convergence of the method
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1 INTRODUCTION

The numerical solution of fourth order problems by spectral methods has been the subject of numerous
studies 1n recent years A review of various spectral formulations for fourth order problems in one and two
dimensions 1s given 1n [1] Spectral collocation methods have been particularly popular in applications to physical
problems since, in contrast to spectral Galerkin methods, they do not require the evaluation or approximation
of mtegrals In [2], spectral collocation methods are studied for the solution of a one dimensional fourth
order problem In [4], a Legendre spectral collocation method 1s proposed and analyzed for the biharmonic
equation on a square However, no algorithm for the solution of the corresponding approximate problem 1s
discussed The improvement 1n the poor conditioning of the spectral discretization of the biharmonic equation
1s examined 1 [10] A Chebyshev spectral collocation method 1s applied to the driven cavity problem 1n [16]
The application of Chebyshev spectral collocation methods with domain decomposition to the steady-state
Navier-Stokes equations (stream function formulation) in complex geometries 1s mnvestigated n [11,13] In [12],
a fully conformung Chebyshev spectral collocation scheme 15 developed for the biharmonic equation mn two and
three dimensions Finally, a spectral collocation method has been applied to fourth order problems in circular
domains 1n [14] Further references to the application of spectral methods to fourth order problems can be
found m (7] and (3] The formulation of the biharmonic Legendre spectral collocation problem 1n this paper
and the method of 1ts solution are similar to those developed in [15] and [5] for orthogonal spline collocation
with piecewise Hermite bicubics
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In this study we consider the biharmonic Dirichlet problem
A%y =finQ, wu=0u/dOn=0ondQ, (1.1)

where A denotes the Laplacian, Q = (—1,1) x (—1,1), 99 is the boundary of 2, and 8/9n is the outer normal
derivative on 9f2.

In contrast to [4], we use the mixed formulation of (1.1) to obtain approximations to both u and Auw.
Specifically, we set v = Au and discretize a coupled pair of Poisson’s equations in u and v using a Legendre
spectral collocation method with polynomials of degree < N. As collocation points we take the nodes of the
N — 1-point Legendre-Gauss quadrature rather than the Legendre-Gauss-Lobatto points (¢f. [4]). Employing
a Schur complement approach, we reduce the collocation problem to a Schur complement system involving an
approximation to v on the two vertical sides of 92 and an auxiliary collocation problem for a related biharmonic
problem with v, instead of Ou/dn, specified on the two vertical sides of 9. The matrix in the Schur complement
system is symmetric and positive definite. (This is not the case when the Legendre-Gauss-Lobatto nodes are used
as collocation points). Consequently, the Schur complement system is solved by the preconditioned conjugate
gradient (PCG) method. A preconditioner is obtained from the auxiliary collocation problem. We conjecture
that the preconditioner is spectrally equivalent to the Schur complement matrix. The cost of multiplying the
Schur complement matrix by a vector and the cost of solving 2 lincar system with the preconditioner arc O(N?)
each. With the number of PCG iterations proportional to log NV, the cost of solving the Schur complement
system is therefore O(IN? log N). The solution of the auxiliary collocation problem is obtained with cost O(N3)
using separation of variables and the solution of a simple generalized eigenvalue problem which reduces to two
symmetric eigenvalue problems with tridiagonal matrices. The total cost of our algorithm is therefore O(N3).
The algorithm is well suited for parallel implementation since many of its steps involve independent matrix-
vector multiplications. Numerical results demonstrate the spectral convergence rate of the approximations to u
and v in the maximum norm. In comparison, the method of [5], the cost of which is O(N%log N) on an N x N
partition, yields fourth order approximations to v and v.

In Section 2 we introduce three polynomial spaces, the corresponding basis functions, and collocation matri-
ces. In Section 3 we develop an efficient method for solving a 1-d spectral collocation problem. The biharmonic
spectral collocation problem and its solution are discussed in Sections 4 and 5, respectively. Numerical results
and conclusions are given in Sections 6 and 7, respectively.

2. PRELIMINARIES

For N > 4, let {&, f; _11 and respectively {wz}ﬁi_ll be the nodes and weights of the N — 1-point Legendre-Gauss
quadrature on (—1,1), and let

D = diag(ws, ... ,wN-1). (2.1)
For p and ¢ defined on {{1}5\';_11, let
N-1
() =Y wi(pg)(&)- (22)
=1

It follows from the exactness property of the Legendre-Gauss quadrature that

1
(p,q) = /_ 1(zvcz)(w) dz, pqg€ Pan-3, (2.3)
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where Py denotes the set of polynomials of degree < k on (—1,1). Lemma 3.1 in [8] implies also that

1
—(p",q) = / ('q")(z) dz — p'q|t, + Cyp™g™),  p,q € Py, (2.4)
~1

where Cp denotes a generic positive constant that may depend on N.
Let

Py ={pePy:p(x1)=0}, P ={pePY:p(+1)=0}.

(Note that the dimensions of Py, Py, and P are N +1, N — 1, and N — 3, respectively.) Following (2.7) and
(3.4) of [17], we introduce the basis {¢x}L_, for P% and the basis {45}, for PY® with

(,‘bk(:L') = Ck[Lk_g(.’L‘) d Lk(.’l:)], k‘ = 2, eey N, (2.5)

’l/)k(.’b) = dg [Lk_4(1}) + akLk_z(:E) + b}ch(:L')] s k=4,...,N, (26)

where Li(z) is the kth degree Legendre polynomial normalized by f_ll L?(z) dz = 2/(2k + 1), and

*= 74% W= Jaah = 51)2(% —3) T _2%’ b= 31; - ? 20
Augmenting the basis {¢x}2_, for PY by 12,13 € PY such that
Pp(-1) =1, ¥5(1)=0, ¢5(-1)=0, ¢5(1)=1, (2.8)
we obtain the basis {¢x}5_, for PY. Since 92,93 € PY and since {¢x}1_, is a basis for PY,
N N
Yo(z) = Y ondi(z),  s(z) =D Bede(@), (2.9)
k=2 k=2
for some {ax}5_, and {Bx}Y_,. Later we will consider a particular choice of {ax}L_, and
Be=(-1)"tag, k=2,...,N. (2.10)
Using (2.5)—(2.7) it is easy to verify that
V(@) = di [ciladk—2(z) — becy ' dr(z)], k=4,...,N. (2.11)
Thus it follows from (2.9)-(2.11) that
[a(2), ..., ¥n(@)] = [$2(2), .. . , o ()M, (2.12)

where the nonsingular matrix M has the structure shown in Figure 1.
Augmenting the basis {1}, for PY by

Yo(e) = 5[Lo(@) ~ Li(@)), (@) = 5[Lo@) + Li(@)], (213)



640 B BIALECKI AND A KARAGEORGHIS

[ x —x X ]
x x X
X —x X X
X =X X X
X X X

| x —x x|

FIGURE 1. Structure of the (N — 1) x (N — 1) matrix M.

we obtain the basis {x}i_, for Py, where

1/)0(—1) =1, 1/)0(1) =0, ¢1(_1) =0, "/}1(1) =1
Let

Ay = (=9 ENTNE, By = (&),
Ay = (—¥0ENIT e By = (&)1 ko

A = (CHENTRS  Bo = (@)D,
where ¢ and k are the row and column indices, respectively. Clearly, (2.16) and (2.13) imply
Ayt =0.
It follows from (2.15), (2.17), and (2.12) that
Ay = AyM, By = BgM.
Let
\=BIDA, B, = BiDB,

where D is given by (2.1). Clearly, By is symmetric and positive definite.

Lemma 2.1. The matriz B<,i> has the structure shown wn Figure 2 and
» =diag(1,...,1,x),

where the element x 1s positive.

(2.14)

(2.15)

(2.16)

(2.17)

(2.18)

(2.19)

(2.20)

(2.21)

Proof. Equations (2.20), (2.17), and (2.1), imply that the coefficients of B}, = (b} )&= and A} = (af )¥—2

are given by the formulas

N-1 N-1

= 2 wdkd) &), ap=— > wlgkd)&), kl=2,...,N.

=1 =1
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X X 1
X X
X X X
X X x
X X
L X X .

FIGURE 2. Structure of the (N — 1) x (N — 1) matrix By.

Hence it follows from (2.2), (2.3), and Lemma 2.1 in [17] that in order to prove both claims it suffices to show
that

byn-1=0, ayn>0.
For N odd (N — 1 even), we have

(N-1)/2 (N-1)/2

bvn-1= > widndn-1)(&)+ Y. wi(bnén-1)(=&) =0,

=1 =1

where the first identity follows from the symmetry of {w,}Y 7' and the antisymmetry of {£,} ;! about 0, and
the second identity follows from (¢ndn—1)(—%) = —(dnPNn—1)(z) which is a consequence of (2.5) and (2.7).
For N even (N — 1 odd), using arguments similar to those for odd N, we have

(N-2)/2 (N-2)/2
by N-1= Z w,(pnon-1)(&) + Z Wy (NON-1)(=&) + (dNON-1)(0)w14(n—-2)/2 = O,

2=1 =1

where in the last step we also used ¢x_1(0) = 0 which follows from (2.5) and Li(0) = 0 for odd k.
Finally, (2.4) applied to p = ¢ = ¢y and (2.2) imply a}y x > 0. O

Let
w=B}DAy, B, =BjDBy. (2.22)
Then it follows from (2.19) and (2.20) that
', =AM, B)=B,M. (2.23)
Let
Bj,,= B} DBy,. (2.24)

Then (2.17), (2.1), (2.16), (2.2), (2.3), (2.5), (2.13), and orthogonality of the Legendre polynomials imply that
that Bz’b,t has the structure shown in Figure 3. Let

Aye = [Ayt|Ay],  By,e = [By,i|Byl, (2.25)
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o X
o

FIGURE 3. Structure of the (N —1) x 2 matrix B, ,.

and let
Ay .=BiDAy., Bj,.=B;DBye.. (2.26)
Then it follows from (2.18), (2.24), (2.22), and (2.23) that
we = [OlAGM], By, =By |ByM]. (2.27)

3. 1-D SPECTRAL COLLOCATION PROBLEM

Solving the biharmonic problem requires the solution of the following 1-d spectral collocation problem.
For given A > 0, {g, iV:_ll, {f. ﬁ;ll, «, and S, consider the problem of finding p € P and g € Py such that

p(gl) - Ap”(g't) + )‘q(gl) = gh Z = 1a e aN - 17 (31)
q(&) — \"(&) = fu, i=1,..., N-1. (3.2)
P(-1)=oa, p'(1)=58 (3.3)

Theorem 3.1. For X > 0, there exist unique p € Py and g € Py satisfying (3.1)-(3.9).

Proof. Since in (3.1)-(3.3), the number of unknowns, which is 2N, is equal to the number of equations, we
assume g, = f, =0,9=1,... ,2N, o = f = 0 and show that p = ¢ = 0. Taking the inner product (-,-) with ¢
on both sides of (3.1) and with p on both sides of (3.2), respectively, we obtain

(@) = Mp",9) + Mg, q) =0,
(g,p) — Md",p) =0. (3.4)

It follows from (2.4) and p(£1) = p'(+1) = 0 that (p”,q) = (¢",p). Hence (3.4) gives (g, q) = 0, which implies
q(€,)=0, i=1,...,N—1. (3.5)
From (3.2) and (3.5), we have ¢”(¢,) =0,i=1,... ,N — 1, which yields ¢ = 0 since ¢’ € Py_». Thus ¢ € P,

and hence (3.5) and N > 3 imply ¢ = 0.
From (3.1) and (3.5), we have

(p,p) — Mp",p) = 0.

Since, by (2.4), —(»",p) > 0, it follows that (p,p) = 0. Thus p(§,) =0, i = 1,...,N — 1, which along with
p(£1) = 0 implies p = 0. a
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In the remainder of this section we consider a matrix-vector form of (3.1)—(3.3), assuming that {yx}_, and
{wk}fcvzo are respectively bases for P and Py introduced in Section 2. Substituting

N N
p(@) =Y prte(@),  q(@) = arte(x),
k=2 k=0

into (3.1)—(3.3), and using (2.15), (2.16), (2.25), (2.8), and 9} (£1) =0, k =4,... , N, we obtain

(Bl/i + >‘A¢)ﬁ+ /\Bw,eq:z = g: (Bw,e + )\Aw,e)q-:a = .f: P2 = Q, D3 = /6, (36)
where
p=1[p2,-...on)", @ =lq,..-,an]T, (3.7

]T1 f= [fla"'ny—l]T'

Multiplying the first two equations of (3.6) by BgD, with By and D defined in (2.17) and (2.1), respectively,
and using (2.22), (2.26), we obtain

g=lg1,---,9n1

(By + AT+ By oGe =G, (Bye + Ay )0 =fo, p2=0, p3=0, (3.8)
where
§s = B3}Dg, fs=BIDF. (3.9)
Rewriting g, of (3.7) as
% =lg,q1,d", T=laz--. ",

and using (2.23), (2.27), (2.8), ¥, (+1) =0, k=4,... ,N, and (2.12), we obtain

(B) + MAL)Pwm + ABydun + ABy a0, 1T = Fe,
(B<',,+/\A:¢,)Q'1VI+B,’/,¢[Q0>¢11]T = fs (3.10)
Cq&ﬁM = [aﬂg]T,
where
Puv = Mp,  Gu = Mg, (3.11)
and
co= [ B HEY - dw]
(1) #5(1) ... (D)

Equations (3.10) can be rewritten as

AT
Su [Fu, )T + Sizlgo, @)’ = [§¢,f¢] ) (3.12)
Sor [P, @)™ = [o, BT, (3.13)
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where
B, + \A! AB’
— [ ¢ ¢
S = { o " By | (3.14)
and
A\B!
812:l: Blw’t:', 521:[045 O]
Wt
Since B, + A\Aj, is positive definite, S11 is nonsingular. Hence, using (3.12), we obtain
— ~ T -1l 7 T -1 T
[Pm,dm]” =S, [gqs,qu] - 81y S12{go, 1] (3.15)
which upon substitution into (3.13) gives
T -1 [~ "]T T
Slgo.q1]” = Sn Sy Lgéafgbj — [, 8", (3.16)
where S is the 2 X 2 Schur complement matrix given by
S = 89157, Sia. (3.17)

Thus we have the following algorithm for solving (3.8), assuming that g, and f; are known. (We focus on (3.8),
rather than (3.6), since it is (3.8) which arises in the solution of the 2-d problem.)

Algorithm I.
Step 1: Compute columns of S using (3.17).
Step 2: Compute the right hand side of (3.16).
Step 3: Solve (3.16) for [go, q1]%.
Step 4: Compute [P, u]T using (3.15).
Step 5: Compute 7 and ¢ using (3.11).

Note that in steps 1 and 2 we can save Sj3'S12 and S3![gs, f3]7 which are used in step 4. By (3.14), solving,
in steps 1 and 2, linear systems with S1; involves solving two linear systems with BQ, + )\A;, and multiplication
by ABy. It follows from (2.21) and the structure of By, (see Fig. 2) that solving a linear system with B} + AAj
reduces to solving two linear systems with tridiagonal symmetric and positive definite matrices. Step 3 involves
solving a linear system of two equations in two unknowns. It follows from the structure of M (see Fig. 1) that
in step 5, Mp = pas (similarly M§ = @ar) can be decoupled into two systems, one for ps — p3 and px with even
k > 4, and the other for ps + p3 and px with odd k > 5. The matrices in these two systems have the structure
shown in Figure 4 and hence each system can be solved with cost O(N). Since each step of Algorithm I requires
at most O(NN) operations, the total cost of solving (3.8) is O(N). Of course the cost of computing Gy and ﬁ, of
(3.9) is O(N?).

4. BIHARMONIC SPECTRAL COLLOCATION PROBLEM

Introducing v = Au in (1.1), we obtain the coupled problem

—Au+v=0inQ, —-Av=-finQ, wu=09u/0n=0ondN. (4.1)
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X X

X X X

X X X

X X X
X X

FIGURE 4. Structure of the matrices in decoupled systems for Mp = pas.

The Legendre spectral collocation problem corresponding to (4.1) consists of finding U € PY ®

V € Py ® Py such that

—AU(&,fj) + V(§Z7§J) = 0, _Av(ghgj) = —f(fz,ﬁg), 7:7.7 =1,... aN -1,

and

V(a,b) = Vy(a,b) =0, a,b==1.

645

P and

(4.2)

(4.3)

We prove existence and uniqueness of the solution to (4.2)—(4.3) following the proof of Theorem 5.1 in {15]. To

this end, we require an additional notation and two lemmas. For p and g defined on {(z,%) : z,y € {fz}fi]l

let

1IN—
Z W, Wy (pq) é‘z’g])

||P/]2

Lemma 4.1. IfU € PI(\’,O ® P](\)]0 and V € Py ® Py, then
(=AU, V)) = ({U,-AV)).

Proof. Since Ug(a,y) =0, a = £1, y € [-1, 1], using (2.4), we have

Z

-1

<<_U:c:c; V>> = - 'w]<Uzz(‘a§])aV('7£])>

7=1
! oNU NV
W, I:/_I(UIVx)(CII,{?) dz + Cn <?9::D—NW> (aﬁ])] .

In a similar way, using (2.4) and U(a,y) =0, a = £1, y € [-1, 1], we obtain

N-1

=1

N-1

(~Vaz, U)) = > wy [/_1 VoUs)(z,&,) dz + Cn (‘ZN}V/ ‘ZN;J) (.,gj)] )

=1

2

(4.4)

Therefore ((=Uszz,V)) = ((U,—Vzz)). By symmetry in z and y we also have ((—=Uyy, V)) = ((U, —V,y)). Hence

the desired result follows.

O
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Lemma 4.2. If V € Py ® Py satisfies

V(a,b) = Vy(a,b) =0, a,b==1, (4.5)
then

((Vaz, Vi) = (V; Vaayy))- (4.6)

Proof. Applying (2.4) with respect to y to the left-hand side of (4.6), we have

(Vs Vi) Z Vi (€0 )y Vaa Ens )

- Yw f (VyVary) (€19 dy (7)
=1 -t
N-1 N-1
NV aN+2y
'LVV:zx Y -1~ YN | A .~V a . Nao 2" )"
+ 3 e @i~ On v (G gz ) €
Applying (2.4) to the second term on the right-hand side in (4.7), we obtain, for y = +1,
N-1
Z wy(VyVae) (& y) = (Vaa (5 9), Vy ()
=1 (48)

1 N N+1
[ (V@) do+ (VK)@ R - cN(a V. +V)< ).

ozN dzNdy

Applying (2.4) to the first term on the right-hand side in (4.8), we obtain, for y = +1,

1 N-1 N-1 HN+1ly 9Ny
- / (VieVa)(@,9) do = 3 wn(Vise V) (6,9) = (VeaV)(@, )EZL + O D wn ( goxg 5w ) (0)- (49)
1 po pourt 0zNoy oz
Substituting (4.9) into (4.8) and using (4.5), we have
N-1 N—1
Z Wy (VyVaz) (&, y) = Z W (VyeaV)(&sy), vy ==L (4.10)
=1 =1
Applying (2.4) with respect to y to the right-hand side of (4.6), we also obtain
N-1
((V, szyy)) = Z wz<szyy(fza ’)) V(§Z= )>
1;1%f—1 1
=- Z wz/ (Vaey V) (60, y) dy (4.11)
=1 -1
N-1 N-1
Nty 9NV
+ g wl(VfET'yv)(g’H )ly_-1 - CN ; a Nazz ay (é"r’ )
Comparing the right-hand sides of (4.7) and (4.11), and using (4.10), we obtain (4.6). o

Theorem 4.3. There enist unique U € PP ® P and V € Py ® Py satisfying (4.2)-(4.3).
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Proof. Since the number of unknown coefficients in U and V, which is N2 — 4N + 10, is equal to the number
of equations in (4.2)—(4.3), it suffices to show that if U and V satisfy (4.2)-(4.3) with f =0, then U =V = 0.
Taking the inner product ((-,-)) with V on both sides of the first equation in (4.2), we obtain
(=AU, V) + ((V,V)) =0. (4.12)
Similarly, taking the inner product ((-,-)) with U on both sides of the second equation in (4.2), we obtain
(—AV,U)) = 0. (4.13)
From (4.12), (4.13), and Lemma 4.1, we have ((V,V)) = 0, which implies
V(€,6)=0, 1,j=1,...,N—1. (4.14)
Thus, by the first equation in (4.2),
-AU(&,¢)=0, 4,3=1,...,N—1.

Using this equation, (2.4) with respect to z and y, and U = 0 on 912, we have

it N-1
0= A0V == 2 w0 WUa(:6). UGN = 3 unlUn(6, ), UG, )
=1 2=1
N-1 1 N1 .
2/, )
2 = 'LU] /_1 Uz(.’LaEJ) d.r + ; W, /;1 Uy(g’t,y) d/y,

which along with U = 0 on 02 implies that U = 0 on the horizontal and vertical lines passing through the
points (&,&,), 4,5 =1,... ,N—1. This and U = 0 on 91 imply further that U = 0 on all horizontal and vertical
lines passing through €2, and hence U = 0.

To show that V' = 0, we use the second equation in (4.2) (with f = 0), Lemma 4.2 , and (4.14) to obtain

0 = <<AV, AV}) = <<Vm’ Vm)) + 2<<VM» Vyy>> + <<Vyy7 Vyy>>
= ((Vaz, Vaz)) + 2((V, Vaazyy)) + ((Viy, Vi) = ((Vaa, Vaa)) + {((Vyy, Vi)

Hence

VII(gl’éj) = ‘/y'y(é.uéj) = 07 7’).7 = 1a . 7N - 17

which along with (4.14) implies that V' = 0 on the horizontal and vertical lines passing through the points
(¢.,&),4,5=1,...,N—1. This and V(a,b) =0, a,b = %1, imply in turn that V = 0 on 9Q. Therefore, V =0
on all horizontal and vertical lines passing through 2, and hence V = 0. O

Let the functions {¢x}1_, be as in Section 2 with {ax}l_, of (2.9) yet to be specified and {Bx}L, as in
(2.10). Since {¥i}_4, {¥x}h_,, and {thx}i_, form bases for P, P, and Py, respectively, and since v, %1
and 19, 93 satisfy (2.14) and (2.8), respectively, for U € PY’ ® Py and V € Py ® Py satisfying (4.3), we have

N N
Ulz,y) = > urtoi(@)tu(y) (4.15)

k=2 l=4

with

U2, = U3, :07 l =4a 7Na (4‘16)
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and
N N 1 N
V(z,y) =Y > vrit(@)bi) + Y Y veatbr(@)thu(v)- (4.17)
k=2 1=0 k=0 =4

Note that in (4.15) we included

N
D ukath (@) (y)

21=4

NE

a
Il

assuming (4.16) and we did not include

3
ka npk(x 'z[)l(y) (4.18)

01=0

MH

ol
il

in (4.17) since (4.3), ¥a(£1) = 93(£1) =0, (2.14), and (2.8) imply that all the coefficients in (4.18) are zero.
Corresponding to (4.15) and (4.17) we introduce the vectors

U= [U2,4y--. yU2N,--- ,UNdy- - - ,uN,N]T, (4.19)
Ua, = (ug4,..., uQ’N}T, U3, = [uz ... ,u?,,N]T, (4.20)
U=[v2,0,.-- ,V2,Ns--- ,UNOs--- ,'UN,N]T, (4.21)
Uo, = [vo,4,- .. ,vo,N]T, 7, = [v1,4,... ,vl,N]T. (4.22)

Note that @z, and s, of (4.20) are the first two subvectors of 4 in (4.19).
Let Ay, By, Ayt, By, and Ay e, By,e be the matrices introduced in (2.15), (2.16), and (2.25), respectively,
and let the two additional matrices Ay, By, be defined by

Avr = (U@ Bur = ()T (4.23)

Substituting (4.15) and (4.17) into (4.2), using the matrix definitions, (2.18), and (4.16), we obtain

(Ay ® By + By ® Ay )i + (By ® By )7 + (Byt ® By,) [6o, ,71,]" =0, (4.24)
(Ay ® Bye + By ® Ay )7+ (Byt ® Ayr) [0, , 51,17 = f, (4.25)
@y, = —1i3, =0, (4.26)
where
F=0fi1, s fiN-1see s fN=11, s fN—1.n-1]T (4.27)

with fz,] = _f(glagj)'
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5. SOLVING THE BIHARMONIC SPECTRAL COLLOCATION PROBLEM
In this section we present a method for solving (4.24)—(4.26).

5.1. Formulation of the method

Let Ij, be the k x k identity matrix. Multiplying (4.24) and (4.25) by Bj D ® B} D, (4.26) by BJ , DBy,
and using (2.22)—(2.24), (2.26), we obtain

(A3 @ By, + By ® Ay, )(M ® In_3)i + (By ® By, ,)(M @ IN+1)T + (By,, ® By, ) [T, , 71, =0, (51)

(A4 ® By + By ® Ay ) (M @ In1 )T+ (By . ® Ay ) [0, , 5,17 = fo, (5.2)
B} DBy iy, = —Bj, DBy, i3, =0, (5.3)
where
yo=BiDAy,, Bl,,=Bj;DBy,, (5.4)
fo=(BYD® BID)f. (5.5)

Lemma 5.1. The matruz of the linear system (5.1)-(5.8) 1s nonsingular.

Proof. Clearly, By, of (2.15) is nonsingular since p = 0 is the only p € P such that p(§,) =0,2=1,... ,N —1.
Hence the rank of the (N — 1) x (N — 3) matrix By, of (4.23) is N — 3. This implies nonsingularity of the
(N —=3)x (N —3) matrix BY DBy, since B} DBy ;i = 0 yields w7 (D/?By, )T DY/2 By, . = 0, D*/?By, .ij =
0, By, = 0, and @ = 0. The desired result follows now from the nonsingularity of BJ D, B] DB ., and the
matrix in (4.24)—(4.26), which is guaranteed by the uniqueness of the solution to (4.2)—(4.3). O

Equations (5.1)—(5.3) can be written as

o AT
Su @, 0" + Si2[Bo, , 71, |7 = [0, f¢] , (5.6)
So1 [, 77 =0, (5.7)
where
S| e Bt B KM ) (BB )M e ) 68
o (Ay® By, .+ By, ® Ay )(M @ Inga) |’
Bl ® B/
— P,t T
512 - I: B&;}t ®A/ - j‘ ) (5.9)
BT DB O O
_ b, Y,
So1 = { 0 —BI DBy, O :' (5.10)

Note that the two blocks BZ,TDBw,r in Sp; of (5.10) correspond to multiplications by s, and 3, in (5.3).
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Lemma 5.2. The matriz S11 of (5.8) 1s nonsingular.

Proof. With @ and ¥ of the forms (4.19) and (4.21), respectively, the equations
(Ap ® Byr + By ® Ay r)i+ (By ® By )i =0, (Ay®Bye+ By ® Aye)v =0,

are the matrix-vector representations of the following spectral collocation problem: find U € P}, ® PP, V €
P} ® Py, such that

—-AU(&, ) + V(L) =0, —-AV(,6)=0, 1,7=1,... N-1

It can be shown, using an approach similar to the proof of Theorem 4.3, that the only solution to this problem
is U = V = 0 which gives 4 = ¥ = 0. This and the nonsingularity of B;;D imply the nonsingularity of S1;. O

Since 11 is nonsingular, eliminating [ﬁ,iﬂ,T from (5.6)—(5.7), we obtain

Y T
S1d, 71 |F = Sa1 S [o,fé] , (5.11)
where S is the 2(NV — 3) x 2(N — 3) Schur complement matrix given by
S = 89,57 S12. (5.12)

Lemma 5.3. The matriz S of (5.12) 1s nonsingular.
Proof. The matrix S is nonsingular since it is the Schur complement of the nonsingular S1; (see Lem. 5 2) in

. Su Siz
the nonsingular [ Sy O ] (see Lem. 5.1). a

We arrive at the following algorithm for solving (4.24)—(4.26).

Algorithm II.
Step 1: Compute fy of (5.5).
Step 2: Compute the right-hand side of (5.11).
Step 3: Solve (5.11) for ¥y, and 7, .
Step 4: Solve (5.6) for ¢ and v.

In the following subsections we explain how to solve linear systems with S;; (involved in steps 2,4) and S
(involved in step 3).

5.2. Solving systems with Si;

Let vectors @, ¥, and f be of the forms (4.19), (4.21), and (4.27), respectively, and let

52 [91,1, eI N—-15+++ ygN-1,1y- - ,gN—l,N—l]T- (513)
Then, by (5.8), the system

T

Su (@, = [ﬁ,f] (5.14)
is equivalent to

(Ay®Bj,,+ B, ® A, )(M ® IN_3)i+ (B, ® B, J(M ® In1)¥ = §,

- 5.1
(A ® Bl .+ By ® 4, J(M ® In41)7 = [ (519)
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We rewrite (5.15) as

(A, ® B, + By ® AL)(M ® In1)i. + (By ® B, ) (M ® In41)7 = §,
(4 ® By, + By ® A, J(M @ In:a)3 = f, (5.16)
BIDByi =& —BIDByi ;=0

where
e = [U2,2,U2,3, - ,UZ N, - -+, UN,2,UN,3; - - - ,UN,N] T, (5.17)
T2 =[uz2,us2... ,uN,g]T, 4,3 =|u2,3,us3-.. ,’LLN,3}T, (5.18)
and
a=lag,...,on]",  B=1[B2....Bn]" (5.19)

Note that . in (5.17) is an extension of @ in (4.19) with the components of @ 3 and @ 3 in (5.18) added to .
Consequently, (5.16) is obtained from (5.15) by replacing 4, A4y, .., and By, . with @, A}, and By, respectively,
and by adding two additional equations for % 2 and @ 3.

Note also that (5.14) (equivalently (5.15)) is a special case of (5.16) with & = § = 0.

Lemma 5.4. The matriz of the hinear system (5.16) 1s nonsingular.
Proof. The desired result follows easily from nonsingularity of ng"DBw and Si;. O

Since A} and Bj of (2.20) are symmetric and Aj, is positive definite, it follows from Corollary 8.7.2 in [9]
that there exists a real nonsingular (N — 1) x (N — 1) matrix Z and real

A = diag(Na, - .., An) (5.20)
such that
ZTALZ =In_1, ZTByZ=A. (5.21)
Since Z of (5.21) and M of (2.12) are nonsingular, (5.16) is equivalent to

(ZT @ IN-1)(Ay ® By + By ® Ay)(Z ® In_1)idl, + (ZT ® In~1)(By; ® B, J(Z @ In41)V = §,
(ZT @ In_1)(Ay® Bl .+ By ® Al N(Z® In1)V = f, (5.22)

ZTMTBIDB,M™'2d@ , =&, —ZTMTBIDByM™'Zd ;=4
where 4/, and ¢’ are such that
Ue=WQIN-1)d,, T=WQINu)T, UTa=Wi, @z=Wigs, (5.23)
with

W=M1Z, (5.24)
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and
F=0ZT"0In1)g [f=ZTIn_1)f, & =wTa, f=wT4 (5.25)

The vectors iy, ¥, @' 5, @' 3, §, f’, and @, ' have the same forms as . of (5.17), v of (4.21), @ 2, ©W 3 of (5.18),
g of (5.13), f of (4.27), and &, ﬁ of (5.19), respectively. In the following, the components of the primed vectors
are denoted by the primed letters corresponding to the unprimed vectors. For example,

. ] ’ / / / T
Ue = [u2,21u2,3,~ s U Ny UNUN S - - ruN,N] .

Using (2.19), (2.20), and (5.21) in (5.22), we obtain

(In-1 ® By + A® Ay, + (A® B}, )7 = ¢,
(UN-1®By, . +A® A;p)e)qz/ = f,
AT 5 =d, —Ad' 5=,

which, by (5.20), become

(Bl + €AYy, + MBy T, = G s (Byo + Ml I = JL, ks = 0/ Mo ths = —Bp/ Mo (5:26)
for k=2,...,N, where

— / ’ T = ! / T
U, = [Uk,z,-~ >uk,N] y o U, = [vk,O"" avk,N] )

and

gjc, = [g;c,lr . 7g;c,N-—1]Tv fllc, = [fllc,b"- )fllc,N—l]T’

Since By, is positive definite, it follows from the second equation in (5.21) that A is also positive definite and
hence, by (5.20), Ay >0, k=2,...,N. Clearly (5.26) is of the same form as (3.8) with A > 0.

It follows from (2.21) and the structure of By (see Fig. 2) that the computation of A and Z satisfying (5.20)
and (5.21) reduces to solving two symmetric eigenvalue problems with tridiagonal matrices. With the use of the
QR algorithm for evaluating eigenvalues and the inverse iteration for evaluating the corresponding eigenvectors,
A and Z can be precomputed with cost O(N?). Also W of (5.24) can be precomputed with cost O(N?) since
solving a linear system with M requires O(NN) operations.

We are now in a position to formulate the following algorithm for solving (5.16).

Algorithm III.

Step 1: Compute §, f, @, and §' using (5.25).

Step 2: For k=2,..., N, solve (5.26) using Algorithm I of Section 3 for solving (3.8).

Step 3: Compute @, and ¥ using (5.23).

Steps 1 and 3 require O(N?3) operations each while the cost of step 2 is O(N?). Hence the total cost of
Algorithm III is O(N3).

In the remainder of this section we discuss the cost of Algorithm III for two special cases of (5.16).

In the first special case we assume that & = ﬁ =0 and that g, f are such that

gk,l:fk,l:0> k=3,...,N—1, lzl,...,N—l. (527)

Also we assume that only components {usz;}Y, and {us;}, of @ need to be computed when solving (5.16).
Let

Gi=lors - 9nv-147, f,z =(fip,-- fv-1rl)%, 1=1,...,N -1
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In this case, in step 1 of Algorithm II, for each I =1,... ,N —1, ZT§ ; and zT f .1 are obtained by computing
the corresponding liner combinations of the first 2 rows of Z. This can be done at a cost O(N?) for all . As in
the general case, the cost of step 2 remains O(N?). In step 3, for each | =4,... , N, uz; and ug, are obtained
by computing the inner products of the first two rows of W with [uj ;... , )y ]”. This can be done at a cost
O(N?) for all I. Hence in this special case, the cost of Algorithm III is O(N?).

In the second special case we assume that § = f = 0 and that only components {vk,0}N_, and {ve1}7L, of ¥
need to be computed when solving (5.16). In step 1 of Algorithm IIT two multiplications by W7 are performed
to obtain @ and 3’ at a cost O(N?). As in the general case, the cost of step 2 remains O(N?2). In step 3 two
multiplications by W are performed to obtain {vgo}i_, and {vk1}h_, with cost O(N?). Hence, in this special
case, the total cost of Algorithm III for computing the desired components of 7 is O(IN?).

5.3. Solving systems with S

First, following the proof of Theorem 4.1 in [5], we show that the matrix S of (5.12) is symmetric and positive
definite. We start by proving the following lemma.

Lemma 5.5. Assume U € Py Q@ P andV € Py ® Py. Then

N-1
(AU V) = (U, AV) + D wy (UaV)(5 6L,
1=1
where {(-,-)) s defined mn (4.4).
Proof. 1t follows from (2.4) and (2.2) that
N-1 N-1
D w'9)(&) = > wpd") (&) + (P9l — (pd)L1,  p.g € Py (5.28)
=1 =1
Hence, using (5.28) and U(a,y) =0, a = £1, y € [—1, 1], we have
N-1 N—
> w(UeeV)(6r &) = Z (UViz)(60,6)) + UV)HE) A 7=1,...,N -1 (5.29)
=1 =1

In a similar way, using (5.28) and U(z,b) = Uy(z,b) =0, z € [-1,1], b = £1, we obtain

N-1 N-1
S w Uy V) &) = Y w(UVy)(&,), 1=1,...,N—1. (5.30)
7=1 1=1

Multiplying (5.29) by w,, 7 =1,... ,N — 1, and summing with respect to 7, and then multiplying (5.30) by w,,
1=1,...,N — 1, and summing with respect to 2, we obtain the desired result. O

Theorem 5.6. The matriz S of (5.12) 1s symmetric and positive definate.
Proof. By (5.12), S = ST is equivalent to

T T
(52151_11512 [17(()1),17(1)] [%?),ﬁ?)] ) = <5'2151—115'12 [U(()Z), ﬁz)] [ﬁé’l),zﬁ‘l)] ) (5.31)
RZ(N—S) RZ(N 3)
for any

i) = [v(()"‘l),... ,’U(()ng,] , "(?) [v§"4),... ,'UYL]Z,] , n=12.
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For n =1,2, let

ﬂ(n) = {U(lng’ . 771'%”12\]7 .- ’ug\?)m ug\?)NJT
and
O 0 S O ORI o i
be such that
T T .
S11 [ g, \">] + S12 [276 R ] =0. (5.32)

Then (5.31) becomes

_ (5'21 [ﬁ(l),{)’(l)}T, [{;‘(()?),17512)]7—) . = — (521 [ﬂ(z)yﬁ@]T’ [%?)’ﬁ})]T> R2v—-3) :

By (5.10), the last equation is the same as
(DB, @Y, By +77) gv-1 — (DBy @5, By rs) ) pn-
= (DBy+a5), By B)) pv-1 — (DBy @5, By x50 ) -1, (5.33)
where, for n =1, 2,

ag?) =, ST, A = Wy, eI

To prove (5.33), we note, using (5.8) and (5.9), that (5.32) multiplied on the left by

(BID)' ® (BI D)™ 0
18] (BID) ' ® (B D)™

is the matrix-vector form of the spectral collocation problem

—AUM(&,,6) + VM, 6)=0, AV, £)=0, 1,9=1,...,N—1, (5.34)
where U™ and V(™ are given by (4.15) and (4.17), respectively, with ug; replaced by u,ﬂ"} and vy, replaced
by v,(:l). Since U™ € P ® P and V(™) € Py ® Py, it follows from (5.34) and Lemma 5.5 that

N-1
(VO V@) = (AUD,vE)) = 5w, UV, &)1
1=1

In a similar way, we also have

2

W y@yy = (v, AU®Y) U@V
(VL V) = (V2. AU )66

and hence

N-1 N-1

w, UV (L)L =D w, (UPVD)(, &)L, (5.35)

=1 =1
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Using representations of U and V(™ (¢f (4.15) and (4.17)), (2.8), and (2.14), it is easy to verify that (5.35)
is the same as (5.33). This completes the proof of § = ST.

To show that S is positive definite, we observe, using the first part of the proof with 27((), = “'(1) and v "(2) "(1)

that
1 1 1) (1 T
(sli)" ot
R2(N-3)

Il

(DBw,rﬂg), B«p,rﬁf))RNﬂl — (DBy, rug ), B¢,r17c(f))RN~1

N-1
= 2 wUPVOE)L = (v, VO,

=1

<

which shows that S is nonnegative definite. Since S = ST and S is nonsingular (see Lem. 5.3), it follows that
S is positive definite. O

It follows from Theorem 5.6 that the PCG method is a good candidate for solving the linear system with
S. Therefore, in the following, we discuss matrix-vector multiplications involving S, the selection of a precon-
ditioner, and the solution of a linear system with this preconditioner.

It follows from (5.12) that in order to multiply by S, we have to first multiply by Si2, then solve with Si1,
and finally multiply by S2;. Let ¥y, and #1, be of the forms given in (4.22) and let

(G, AIT = Sialdo, , 1,17,
where § and f have the forms given in (5.13) and (4.27), respectively. Then, by (5.9),

= (B}, ® In-1)(I2 ® B, )[vo, , %, |" (5.36)

and
= By ® In-1)(I2 ® Ay ), , 71, )7 (5.37)

Hence the computation of § and f requires 2 multiplications by Bd) ~ 2 multiplications by Aw . and 2(N —1)
multiplications by By, ;. It follows from (2.22), (2.15), (4.23), (5.4) that A, = [:] A/ - and By, = [::|B;N], where

the symbol i denotes the first two columns of the matrix appearing on the left-hand side. Hence the products
of AZW and B:/),r with a vector can be obtained by computing the products of Agb and pr with the augmented
vector whose first two components are set to zero. By (2.23), (2.21), and the structures of M and By, (see Figs.
1 and 2), all the required multiplications by Aj, . and B, . involve O(N) operations. It also follows from the
structure of By, ; (see Fig. 3) that all the required multiplications by By, , take O(NV) operations. Hence the
total cost of multiplying by Si2 is O(N).

With @ and 7 of the forms (4.19) and (4.21), it remains to solve (5.14) and then compute Ss1[%,%]%. Note
that only the subvectors 4, and @3, of @ are needed for multiplication by S21 of (5.10). Moreover, (5.36),
(5.37), and the structure of B;, , (see Fig. 3) imply that the components of § and f satisfy (5.27). Hence, it
follows from the discussion in Section 5.2 of the first special case of (5.16) that computing @z, and @3, requires

O(N?) operations. Finally, (2.15) and (4.23) imply that BTDB¢ = [}|By,~]TD[::| By,,]. But (2.19) and (2.20)
give B¢ DBy =M TB’ M. Hence B¢ DBy +iy, and B DBy ri3, can be computed with cost O(N) by taking
advantage of the structures of M and B¢ (see Figs. 1 and 2).

Thus the total cost of multiplying a vector by S is O(N?).

In the remainder of this section we select a preconditioner for S and discuss the solution of a linear system
with this preconditioner. First, interchanging the roles of the z and y coordinates and replacing ., @ 2, @ 3,
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and ¥ with W, W, , Ws, , and Z, respectively, we rewrite (5.16) with § = f =0 to obtain

(4} ® By + By, @ Ay)(In—1 ® M)& + (By, , ® By)(In+1 ® M)Z = 0,
(Ay.®By+ By, . ® A)(IN+1 ® M) *=~0, (5.38)
B;Ib’Dqu'lI)‘Q’ =a, —BEEDBd,LD'g, =g,
where
W= [wa2,W2,3,... , W2 Ny.-. , WN,2, N3, - -- ,wN,N]T,
’111‘2, = [w2’2,w2,3 .o ,wz,N]T, 11}‘3, = [w3,2,w3,3 e ,wg,N]T,
Z= [ZO)Q, cee 3 Z0,Nye s y2N,25- - - ,ZN’N]T. (539)

—

(Of course solving (5.38) is equivalent to solving (5.16) with § = f = 0.) We split the vector Z of (5.39) into
two parts,

s T
Zr = [zgjz,... 322, Nsy--+ 3ZN,2y+ -+« ,ZN,N]

and

20, = [20,2,-~ 7ZO,N]T: Z1, = [21,2,“- ,21,N]T-

)

(The vector Z. can be viewed as a restriction of Z with the components of Zy, and Z;, being removed from Z.)
Then (5.38) can be written as

P [, %) + P2, ,7,]" =0,
Lo [~ AT (5.40)
P21 [’LU, Z’r‘] = [Ot, /8:! )
where
Py — (Ay ® By + By, ® Ay)(In-1® M) (B, ® By)(IN-1® M) (5.41)
0 (A, ® Bl + B, ® AL)(In-1® M) |’
Py, is the block multiplying (% , 71 ]7, and
BTDB O 0]
Py = ¥ 0 v ~BIDB, O (5.42)

Note that the two blocks B:‘Z DBy in Py; correspond to multiplications by ws, and ws, .
Lemma 5.7. The matric Py of (5.41) 1s nonsingular.
Proof. With i, of the form (5.17), the equation (Ay ® By + By ® By )i, = 0 is the matrix-vector representation
of the following spectral collocation problem: find U € Py ® PY such that
—AU(&,,¢,)=0, ¢7=1,... N—-1.

It can be shown, using an approach similar to the proof of Theorem 4.3, that the only solution to this problem
is U = 0 which implies the nonsingularity of (Ay ® By + By ® Ay). Hence this, (2.22), (2.20), (2.19), and the
nonsingularity of B;’;D imply the nonsingularity of Pi;. ]
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Since P, is nonsingular, eliminating [, Z,]” from (5.40), we obtain

AT
Pz, 7,]" = - [&, ﬁ] ; (5.43)
where the 2(N — 1) x 2(N — 1) Schur complement matrix
P =Py, P! Pps. (5.44)

Theorem 5.8. The matriz P s symmetric and positive definite.

Proof. The proof of this theorem is similar to that of Theorem 5.6. First we observe that P is nonsingular since

it is the Schur complement of the nonsingular Pi; (see Lem. 5.7) in the nonsingular [ 1;11 %2 ] (see Lem.
21

5.4). Then we prove that P = PT and that P is nonnegative definite. This and the nonsingularity of P imply
that P is positive definite. O

For arbitrary & and , the solution of (5.43) can be obtained by solving (5.40) for Zp, and Z7, or, equivalently,
(5.16) with § = f = 0, for the components {vk, 0}, and {vg,1}, of .

As a preconditioner for S we take the 2(N — 3) x 2(N — 3) matrix P which arises from eliminating 29 2, 20 3,
z1,2, and z13 in (5.43). Clearly such a P is symmetric and positive definite, being the Schur complement of a
symmetric and positive definite submatrix in the symmetric and positive definite P. Moreover, for arbitrary
{ar}Y_, and {Bx}IY_,, the solution of the system

P[ZOA, o ,ZO,N, 21,4, . o ,ZLN]T = —[a4, e ,aN,ﬁ4, e ,ﬁN]T (5.45)
can be obtained by solving (5.43), with a = a3 = B2 = 3 = 0, for {20}, and {21 x}1_,. Hence, we find the
solution of (5.45) by solving (5.16) with § = f = 0 and s = a3 = 2 = B3 = 0, for the components {vk,0},
and {vk1}p_, of 7. It follows from the discussion in Section 5.2 of the second special case of (5.16) that the
cost of computing these components is O(N?).

Finally, we explain how to select the functions ¥ and 3 of (2.9) and (2.8). This selection is motivated by
making

Ko (P28 P72) = Apax (P718) /Amn (P71S)
independent of N, where for symmetric and positive definite A, K2(A) = Amax(A4)/Amin(4). Equations (5.12)
and (5.10) imply that

R® R®@

® RO
sz[‘l’r \I?HR R ] (5.46)

where

(1) (2)
v, = B'EE,TDBQIJ,T’ I: R R ] = [ IN_3 © 0

-1
R® R® O —In-3 O]SH S12-

In a similar way, using (5.44) and (5.42), we have

v 0 ® o®
P[5 2][95 32, s
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TABLE 1. ky(P~1/18.P~1/2)

N  ko(P~1/28P~1/2)
10 1.56
20 1.63
30 1.65
40 1.66
50 1.67
60 1.67
70 1.67

where

(1) (2)
_ pT Q Q | In-1 0] 0] -1

It follows from (2.15), (4.23), (2.1), and (2.2) that

| W Uy
\Il_[\llﬂ v, |’

where

o, — | (Y2,02) <¢2,7/)3>] o =[<¢2’¢4> o (e, 1)
1 (3, ¥2) (Y3, 9s) |7 2 (Y3,%a) - (s, ¥n-1) |

If ¥15 = 0, then substituting (5.47) into (5.43) and eliminating (202, z0,3]7, [21.2, 21,3]7, We see that P has the

form
Il 9, 9 | (5.48)

5 _[¥ O
P =[ v, || 0® oW

T

S
3
@)

Therefore, by (5.46) and (5.48), the block [

} is canceled in P~1S. For 9 and 3 of (2.9) satisfying
(2.8) and

!
&
3

(Y2, ¥%) =0, (¥3,%%) =0, k=4,...,N, (5.49)

the results of Table 1 show that ko(P~1/2SP~1/2) is bounded from above by a positive constant which is
independent of N. For the simpler choice

Yal(e) = 55[Ls(@) — La(@)] - §[La(®) — Lo@),  ¥s(e) = 5lLa(e) — La(a)] + glLa(a) — Lo(@)),

v,

ko(P~1/28P~1/2) grows rapidly as N — oo since the block [ o \I? ] is not canceled in P~1S and k(%)

grows rapidly as N — oo.
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FIGURE 5. Structure of the matrices in decoupled systems for (5.50).

It follows from (2.9), (5.49), (2.8), (2.11), (de, 1) = 0, ki = 2,... N, | # k,k £ 2, and gj(~1) =
(-1)*=1¢} (1), k =2,..., N, that finding {ax}}_, is equivalent to solving the system

Q2 F 0
[ x X X 1
X X X
X X X X
X X X X =1 .| (5.50)
X X X :
X X X

—X X =X X =X —-X X =X 0

| x X X X X X X x| 1
L 0 |

L an ]

For {Bk}_, the last two components on the right-hand side are to be switched which implies (2.10). System
(5.50) can be decoupled into two systems, one for o with even k and the other for ax with odd k. The matrices
in these two systems have the structure shown in Figure 5 and hence each system can be solved with cost O(N).

5.4. Cost of solving the biharmonic spectral collocation problem

We now give the cost of solving (4.24)—(4.26) using Algorithm IT of Section 5.1.

As discussed in Section 5.2, we precompute A and Z of (5.20) and (5.21) and W of (5.24) with cost O(N?).
Also, as discussed in Section 5.3, we precompute {ay}_, in (2.9) with cost O(N).

Step 1 of Algorithm II involves computing f(;; of (5.5) and it requires O(NN3) operations since By is full.

Step 2 involves solving (5.14) with § = 0 and then computing Sz;[%, 7]T. Only the subvectors ta, and Uz, of
4 are needed when solving (5.14). These subvectors are computed with cost O(IV?) since the cost of computing
f" in step 1 of Algorithm III is O(N3). (Note that g, &, 3 need not be computed in step 1 of Algorithm ITI
since they are 0. Also, in step 3 of Algorithm III, @z, and i3, can be computed with cost O(N?).) Then, it
follows from the discussion in Section 5.3 that the cost of computing Sa; [@, #]T is O(IN). Thus the cost of step 2
is O(N3).

Step 3 is carried out using the PCG method with P as a preconditioner for S. It follows from Section 5.3
that the cost of each PCG iteration, involving multiplication by S and solution with P, is O(IN?). Hence with
the number of the PCG iterations proportional to log N the cost of step 3 is O(N2log N).
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TABLE 2. Maximum absolute error for numerical example.

N Ju-Ufeo |[v-Vlw
12 0.11(+1) 0.11(+3)
16 0.25(-1)  0.44(+1)
20 0.26(-3)  0.59(-1)
24 0.16(-5)  0.36(-3)
28 0.45(-8)  0.11(-5)
32 0.71(-11)  0.16(-8)

TABLE 3. CPU times.

N CPU time (secs)
16 0.52
32 3.09
48 9.59
64 21.23

In step 4, we first compute S12[7o, , 71, )7 and then solve with Si;. It follows from Section 5.3 that the cost
of computing Si2[7o, , 71, |7 is O(N). The cost of solving with S, is O(N3) since the cost of computing f” in
step 1 of Algorithm IIT is O(N3). (Note that in step 1 of Algorithm III, § can be computed with cost O(N?)
since it follows from (5.36) and the structure of By, , (see Fig. 3) that the components of § are as in (5.27). Of
course & = # = 0 and hence they need not be computed.) Hence step 4 costs O(N?).

Therefore, the total cost of solving the spectral collocation problem is O(N?3).

6. NUMERICAL RESULTS
We solved (1.1) with

f(z,y) = 1287*[cos(4nx) cos(4my) — sin?(27z) cos(4my) — cos(4mz) sin’(2my)].

The exact solution of this problem, which was also considered by Shen [17] and Bjgrstad and Tjgstheim [6], is
u = sin?(27z) sin®(27y). The number of iterations in the PCG part of our method was taken to be 2log N.
In Table 2 we present the maximum absolute error in v and v = Au on a uniform (0.02) x (0.02) grid for
different values of N. The exponential convergence achieved is shown in Figure 6 where we present the graph of
the logarithm of the maximum absolute error versus N. In Table 3, we present the CPU times required for the
solution of the problem on a RS6000-250 workstation for various values of N, including the cost of precomputing

the matrices A, Z, W, and the coefficients {ax}1_,. From the table it is clear that the CPU times grow roughly
like N3.

7. CONCLUSIONS

In this study we considered the numerical solution of the biharmonic Dirichlet problem on a square by
a Legendre spectral collocation method. A mixed formulation approach was used to rewrite the biharmonic
equation as a system of two coupled Poisson’s equations for the unknown solution and its Laplacian. The solution
of the Legendre spectral collocation problem for the two Poisson’s equations was reduced to the solution of a
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FIGURE 6. Logarithm of the maximum absolute error versus N.

Schur complement system for the Laplacian of the approximate solution on two vertical sides of the square.
Since the Schur complement matrix 1s symmetric and positive defimite, the Schur system was solved by the PCG
method with the preconditioner obtained from an auxiliary problem. The total cost of the proposed algorithm is
O(N3) which 1s comparable to the cost of state-of-the-art spectral Galerkin methods. An important advantage
of the mixed formulation approach is that in addition to an approximation of the solution, we also obtain
automatically an approximation to its Laplacian. The spectral convergence of these two approximations is
demonstrated numerically on a test problem from the literature.

The extension of the proposed method to complex geometries is presently under investigation. So far we have
examined the application of the domain decomposition approach to the formulation and solution of a Legendre
spectral collocation problem for Poisson’s equation on a L-shaped region decomposed into three rectangles. The
approximate solution is continuous throughout the region and its normal derivatives coincide at the collocation
points on two interfaces. Firstly, the self-adjoint and positive definite approximate problem on the interfaces
is solved using the PCG method. Subsequently, three independent approximate problems on three rectangles
are solved efficiently using a matrix decomposition technique similar to the one described in this paper. We
hope that a similar domain decomposition approach will allow us to formulate and solve a Legendre spectral
collocation problem for the biharmonic equation on a L-shaped region and, in general, on regions which are
unions of rectangles with sides parallel to the coordinate axes.
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