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ABSTRACT. This note is addressed to solving biperiodic boundary
value problem of biharmonic equation in the unit rectangle. First,
we describe the necessary tools, which is discrete Fourier trans-
form for one dimensional periodic sequence, and then extended
the results to 2-dimensional biperiodic sequence. Next, we use
the discrete Fourier transform 2-dimensional biperiodic sequence
to solve discretization of the biperiodic boundary value problem of
Biharmonic Equation.
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1. INTRODUCTION

This note is an extension of a work by Henrici [2] on fast solver for
Poisson equation to biperiodic boundary value problem of biharmonic
equation. This note is organized as follows, in the first part we address
the tools needed to solve the problem, i.e. introducing discrete Fourier
transform (DFT) follows Henrici’s work [2]. The second part, we apply
the tools already described in the first part to solve discretization of
biperiodic boundary value problem of biharmonic equation in the unit
rectangle. The need to solve discretization of biharmonic equation is

motivated by its occurence in some applications such as elasticity and
fluid flows [1, 3].

2. DISCRETE FOURIER TRANSFORM

2.1. One-dimensional Transform. Let n € N and (z;)52__ is a

bilateral infinite sequence of complex number. Let 11, denote a set of
1
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bilateral infinite sequences with period n, i.e.:

I, = {x = (2)2_;2x €C, Zppn; = T4, j € Z}.
Define in II,, an addition and scalar multiplication by:

X+y = (Tk+ U)o
cx = (cap)ie VeeC.

—0o0)

Equipped with these operations, II,, is a finite dimensional vector
space with dim(II,) = n.

Denote w,, := exp(2m/n), i* = —1. One dimensional discrete Fourier
transform, denoted by F,, is defined as follows:

JTn:Hn - Hn
X =Y,

where

Ym = 1n2w;mkxk.

It is clearly that y,,+, = y», holds for all m, as w]; = 1. Hence the map
Frn is well defined. It is easily to show that F, is a bijective map, hence
invertible. The inverse of F,, is defined as:

Fol i, — I,

y — x

where:
n—1
mr
T, = E Wy Yy
k=0

Observe that the inverse has close resemblance with the DFT. Defining
the conjugate of DFT F, by:

n—1

(Fay )k =10)  wi*y,,

m=0

where the index k denoting the k—th component of the sequence, then
we have

Fot=nF.

Another operator that also useful when working with DFT is the re-
version operator denoted by R. This operator is defined as follow,
for x € I1,,,

(RX)m i= .
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A left and right composition with F,, we have the following relations:

n—1
(RoFnX)m = 1In Z Wk,
k=0

= (Fn)-
n—1 n—1
(FnoRX)y, = — Zw;kmx_k = — Zwﬁmxk,
k=0 k=0
= (—,Fn)

From these composition, it is clear that
Fil=nF.R=nRF,.

We introduce Hadamard product of two sequences x and y in II,,
which is a component-wise product:

Xey = (xk yk)zo:—oo'

Also we introduce convolution product of two sequences x and y in I,
by:

X*y=272= (Zk)zoz—oo’

where:

n—1 n—1
2k = E TrYk—m = E Tr—Yk-
k=0 k=0

Both product relate to each other of as follows. Let x and y be two
sequences in II,, and

u=7rx, v=F-rYy.
By definition,

n—1
(Fa(xo0y))m =1n Z Tryrw, ",
k=0

as yp = (F,'y)k, then

n—1 n—1 n—1
1n E Teypw, "™ = 1n E xx( E W) wFm
k=0 k=0 =0

n—1

n—1
= vl(anka;k(m’l)).
l k=0

Il
o

The last inner sum is obviously equal to (F, x)(m,l) = Uy, hence

(Fo(xoey)), = i V= (VEu), = (u*xv),

= (Fu(x) * Fu(y)m)
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As it holds for all m, then
Fo(x0y) = Fu(x) * Fuly)-

Working on u = F,(x) and v = F,(y), for convolution form, then
uxv = n’ Fo(F,(x) e £, (y))

n? Fu(R Fo(x) @ RF(y))

= 1 Fu(R(Fa(x) ® Fuly)))

= n(nRF)(Fa(x) @ Fuly))

= n(F, ) (Fulx) ® Fuly))

Faluxv) = n(Fn(x) e Fuly))

Hence for x,y € 11,

Fa(wxv) =n(Fu(x)  Fu(y)).

2.2. Two-dimensional Transform. Letn € Nand x® = (24,1,)% - oo
is a two dimensional bilateral infinite sequence of complex number. Let
Hg) denote a set of bilateral infinite sequences with period n on each
direction, i.e.

(2 _— — o0 .
Hn - {X - (wklkz)kzl,kg:—oov Thiky € (Dv
xkl-l-n.j,k‘z - :L‘k’lk‘za xkhkz-i-n.j = 'Iklkz??j € Z}

Observe that this set of two-dimensional array is isomorph with a set of
bilateral infinite sequence of element in II,, i.e. {(xx,)% Xk, €
Hna Xkotn.g = sza] € Z}

Addition, scalar multiphcatlon Hadamard product, and convolution
in II, easily extended to 1S by using the fact that 2 is a set of
bilateral infinite array of element in II,,.

The 2-dimensional DFT is defined by

y@ = £ 5@

n

2= —OO’

where

n—1 n—1

o 2 —(mik1+mok
Ymims = 1N E E wn( 151 22)xk1k2.

k1=0 ko=0

Rearrangement of the right hand side, we have the following form:

Ymymy = 1M g w;, ™k (1n g w, MR 0,
k1=0

Clearly that the 2-dimensional DFT can be seen as a successive of two
one-dimensional DFT. Hence, the 2-dimensional DFT is a bijective
map, so it is invertible. The inverse is given by:

(f7’(7,2))_1 _ n2f~:(12)
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As 2-dimensional DFT on Hadamard product and convolutions of two
elements in 11 , the following are satisfied:

Foxey) = FI )+ FIy),
FPuxv) = n*(FP(x) e FP(y)).

2.3. Applying DFT for solving Biharmonic equations. Suppose
that S is a unit square,

S={(n);0<&n <1}

We are going to solve biharmonic equation:

A2u($7y> = f(l',y),

in the rectangle S, where f is biperiodic on S. Furthermore, we restricts
u to be biperiodic, i.e. biperiodic boundary value problem.

To solve the problem, we discretize the equation over a discrete grid
on S. Suppose that on S we construct a uniform grid with constant
spacing h = 1/(2n) on each direction. Let

fl:Zhv U]:]h 27]20717727%

and obtains approximate values u; j of u(&;,n;) by solving linear equa-
tion system from thirteen-points finite difference discretization of bi-
harmonic equations, we have the following discrete equation for bihar-
monic equation ([4])

20wi; — 8(Uitr;+uia + tijer +uij) +
2(Wit1,j+1 + Wit 1+ Uir1j—1 + Uim1j-1) +
(Wit2,j + Uim2j + Uijr1 + Uij—2)]
= h4fi,j7
where f; ; =: f €€ Hgﬁi. Observe that the left hand side is a convolution

ofue Hfg with a bilateral sequence d = (dy,,) with vanishes element

except that

+
+

doo = 20,
dig=d 190=do1=do1 = -8,
dip=di1=di1=d 11 = 2

dao=d _g90=doa=do 2o =

Then the discrete equation can be written as:
dxu=nh'
Applying ]—“2(? to both side, we obtain
(2n)%d e 11 = h'f,
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where &,ﬁ and ,f' are images under ]—"2(? of d,u,and, f respectively,
and the images of d is
d = [20 — (cos(ky + ko2nm) cos(ky — ky2n7)) +
+  4(cos(ky + kanm) cos(ky — konm)) +

+ 8(cos(kinm) cos(k’gnw))];fhz_oo.
Multiplying using Hadamard product of (;1*1, we have
= h'2n)d " ef,
inverting using 2-dimensional inverse DFT, we get
u=h'(2n)* 7)) (d 7 e ),
and we get the solutions of discrete biharmonic problem
u=hFyd e ),
using the fact that
12n)* 7 = Ao
3. EPILOGUE

We have demonstrated an algorithmic development of solving dis-
cretization of biperiodic biharmonic equations in unit rectangle. The
availability of DFT in several computational platforms such as MAT-
LAB or Scilab, means that the algorithms is easily benchmarked with
several necessary additional tools such as Hadamard product, which is
unfortunately is not widely available in most computational platforms,
hence opening for further work for implementation to be pursued.
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