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Abstract In this paper, a fully non-conforming least-squares spectral element method for
fourth order elliptic problems on smooth domains is presented. The proposed method works
for a general fourth order elliptic operator with non-homogeneous data in two dimensions
and gives exponentially accurate solutions. We derive differentiability estimates and prove
our main stability estimate theorem using a non-conforming spectral element method. We
then formulate a numerical scheme using a block diagonal preconditioner. Error estimates
are also proven for the proposed method. We provide the computational complexity of our
method and present results of numerical simulations that have been performed to validate
the theory.
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1 Introduction

The h—p version of the finite element method (FEM) for elliptic problems was proposed
in the mid-80’s by Babuska et al. [3,4] for solving problems in structural mechanics. The
h—p version simultaneously refines the mesh and increases the polynomial degree achieve
optimal convergence. The h—p version of spectral element method (SEM) as compared to FEM
employ polynomials of higher degree in order to recover the so called spectral/exponential
convergence. It is well established that SEM deliver exponential convergence for elliptic
problems with smooth solutions and have been successfully implemented to many practical
problems [24,30]. In this paper we describe an efficient and exponentially accurate least-
squares spectral element method for fourth order elliptic problems on smooth domains. Such
problems include examples of the classical plate bending problem in the theory of elasticity.
This type of boundary value problems arise in structural mechanics, materials science and
fluid flow.

Several methods have been proposed and analyzed both theoretically and computation-
ally for fourth order elliptic problems in [7,9,13,28,34-36,39-42,44] (and references cited
therein) and have been shown to be very effective. In [9], Ben-Artzi et al. presented a fast
direct solver for the Dirichlet biharmonic problem in a rectangle based on the capacitance
matrix method of [13,14]. The resulting linear system is solvable in O (N 2 log N), where N
is the number of grid points in each direction. Bernardi et al. [7] presented some spectral
approximations of two-dimensional fourth-order problems. Preconditioning of thin solids in
structural mechanical problems was analyzed in [28] using p—version FEM. It is shown that
the method performs well for modelling many real world problems such as skin of an aircraft,
laminated fibre plate, microstructure of composite materials etc. These preconditioners are
constructed using classical additive Schwarz method which is essentially a generalization of
the block Jacobi method to allow for overlapping of the blocks.

In [34], Shen proposed an efficient spectral-Galerkin method for the second and fourth
order equations using Legendre polynomials. The two books by Shen and coworkers [35,36]
deal with many important practical aspects of computations using spectral methods and
present the recent research in the subject. Zhang et al. [41] developed nearly optimal solvers
for the linear algebraic systems for fourth order problems on arbitrary polygonal domains
that are partitioned by unstructured grids in the framework of finite element methods. They
proved that such a system can be solved in O (N log N) operations on an unstructured grid of
size N. We refer to the work by Meleshko [29] for a comprehensive history and summary of
results available for the biharmonic problem in two dimensions. Recently, Yu et al. [39,40]
proposed spectral element method for mixed inhomogeneous boundary value problems of
fourth order and also discussed spectral method for fourth-order problems on quadrilaterals.

The least-squares methods are well suited for the numerical solution of partial differential
equations. However, the convergence of the least-squares approach in solving biharmonic
problems depends on the convergence of fourth order derivatives which is an essential disad-
vantage in comparison with the conventional Galerkin or weak formulation approach, where
only the convergence of the second order derivatives is required for solving biharmonic
problems. Secondly, the resulting coefficient matrices are essentially more ill-conditioned
as compared to the Galerkin methods. This can be easily circumvented by properly selected
preconditioners. On the other hand, the least-squares methods give rise to symmetric, pos-
itive definite matrices and does not require numerical integration. Moreover, least-squares
approach can be used for solving problems on complicated geometries.

The least squares spectral element method (LSQ-SEM) is a very promising numerical
method developed by Proot et al. [32], and Potanza et al. [31] which combine the least
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squares formulation with the spectral element approximation. LSQ-SEM combines the gen-
erality of finite element methods, the accuracy of the spectral methods and the theoretical
and computational advantages of the algorithmic design and implementation into a general
mathematical framework. LSQ-SEM has been successfully applied to many interesting prob-
lems (see [18-21,25,31,32,37,38,43]). However, their implementation to the fourth order
problems has been limited so far.

In [18-20,37,38], an exponentially accurate h—p spectral element method was proposed
for two dimensional elliptic problems on non-smooth domains using parallel computers.
The key ingredients were use of auxiliary mappings and geometrical mesh near corners,
proposed originally by BabuSka et al. [3,4]. The analysis of LSQ-SEM for Stokes and Navier-
Stokes is given in [31,32]. Recently, an exponentially accurate nonconforming LSQ-SEM
for elliptic problems on unbounded domain is presented in [25]. LSQ-SEM solution of the
gas-liquid multi-fluid model coupled with the population balance equation is discussed in
[43]. A discrete weighted least-squares method for the Poisson and biharmonic problems
on circular and annular domains was presented by Zitnan [44] having smooth solutions.
The resulting matrices were preconditioned using algebraic polynomials, suitably chosen
collocation (matching) points and weight factors. However, the method is not suitable for
problems on irregular domains. For a complete survey of spectral element methods and their
applications to elliptic boundary value problems we refer to the monograph by Karniadakis
et al. [24] which summarizes the recent developments in the subject.

We choose as our solution the spectral element function which minimizes the sum of a
squared norm of the residuals in the partial differential equations and the squared norm of the
residuals in the boundary conditions in fractional order Sobolev spaces and enforce continuity
by adding a term which measures the jump in the function and its derivatives at inter-element
boundaries in fractional Sobolev norms, to the functional being minimized. The method we
shall describe is a least-squares collocation method and to obtain our approximate solution
we solve the normal equations using preconditioned conjugate gradient method (PCGM).
The residuals in the normal equations can be obtained without computing and storing mass
and stiffness matrices [37,38]. A preconditioner is defined for the method which is a block
diagonal matrix, where each diagonal block corresponds to an element. It is shown in [23]
that there exists a new preconditioner which is a diagonal matrix on each element.

We remark here that after obtaining our approximate solution at the Gauss-Lobatto-
Legendre points consisting of non-conforming spectral element functions we can make a
correction to it so that the corrected solution is conforming and is an exponentially accurate
approximation to the true solution in the H> norm over the whole domain. These corrections
are similar to those for second order elliptic problems described in [33,38]. However, our
computational results do not include these corrections. We also emphasize that for simplicity
we consider only curvilinear domains although our results have a more general character.
The method works for non self-adjoint problems too. Computational results for a non self-
adjoint problem with variable coefficients are provided. Throughout this paper, 2 will denote
a curvilinear domain in R? and (x1, x2) will denote the standard Cartesian coordinates. We
shall also denote the Cartesian coordinates by (x, y).

The organization of this paper is as follows. In Sect. 2, we introduce the problem under
consideration. In Sect. 3, we drive differentiability estimates, define the spectral element
functions and prove the stability estimate which is the main result of this paper. Numerical
scheme and error estimates are provided in Sects. 4 and 5 respectively. Sections 6 is dedicated
to computational results for various test problems on with analytic solutions. Concluding
remarks and some outlines for future work are provided in Sect. 7.
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2 Preliminaries

Let 2 denote a curvilinear domain in R? with smooth boundary. We shall denote the boundary
of 2 by 0€2. Consider the fourth order elliptic problem with non-homogeneous Dirichlet
boundary conditions

Lw=A*w=/f in Q, (2.1a)
w=3® on 9, (2.1b)
a—w =WV on 0L. (2.1¢)

v

Here, v denotes the outward unit normal vector to the boundary 9€2. The data f is analytic on
Q and ®, W are analytic on 2. The problem (2.1) describes the vibration of a homogeneous
non-clamped isotropic plate with constant thickness. The thickness is assumed to be much
smaller that the other two dimensions of the plate.

We need to review a set of function spaces. Let w(x1, x2) be a smooth function. By H” (2),
we denote the usual Sobolev space of integer order m > 0 furnished with the norm

2 2 2
lwlEme) = D 110°wll72q :// 2 1wpdnd,
jal=m g lal=m

where o = (@01, a2), || = o) + 2, 3%w = 0y, P w = w e« is the distributional (weak)
1 72

derivative of w. As usual H2(Q) = L%(Q), and
0]
HA(Q) = [w € L3(Q) : 9w, 3*w € L3() such that w = 0, sz —0onaQ!.
v

A seminorm on H™(S2) is given by
|w|%-1m(g) = Z ||aaw||2LZ(Q)-
|la|=m

Further, let

_ N2
1wl ry =/[w2dx+/[ l—'w(") WO vay’

|x _x/|l+2s

denote the fractional Sobolev norm of order s, where 0 < s < 1. Here, I denotes an interval
contained in R.

We now cite a special case of important regularity result Theorem (7.2.2.3) of Gris-
vard [22].

Theorem 2.1 (Smooth regularity) Ler w € H>(2) be a solution of

A’w=f in Q,

w=> on 09,
ow
— =WV on 992.
dv

with f € HX(Q), ® € H*2(0Q) and ¥ € H*/2(0Q), k = —1. Then w € H(Q).

Using this it follows that if f € L2(2), ® € H?(3$2) and W € H 3 (3S2), then the solution
w of (2.1) belongs to H*(2).
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Theorem 2.2 (Analytic regularity) For a curvilinear domain Q2 with analytic boundary 9%2,
if the given data f, ® and WV are analytic then this implies analyticity of w and the following
differentiability estimate

> % w@)[*dx < € (@ m)? 2.2)

|| <m

Q
holds for all integers m > 1. Here, C and d denote positive constants.

Proof Since the solution w(x) is analytic in an open neighbourhood of Q. Hence, (2.2)
follows. O

3 Stability Estimates

First we divide the domain €2 into a set of N quadrilaterals 21, 2, ..., Qxy with smooth sides
as shown in Fig. 1. Thus, the boundary 92 of 2 is divided into analytic arcs y;, 1 <[ < N
1.e.0Q2 = U)?l, where 7 = {1, 2, ..., N}. We shall assume that the data f is analytic on Q

leT
and ®, W are analytic on every closed arc y; and continuous on d€2. Each of the quadrilaterals

{€2}1=1,2.....~ is mapped onto the master square S = (—1, 1) x (—1, 1) by a set of analytic
maps {M]_] bi=1.2,....n, Where M; is from S to €2;. The map M, is of the form

x1=X'En, x=YEn

with X/ and ¥’ being analytic functions on S. Thus, M; = (X', Y!). Let W denote an upper
bound on the degree of the approximating polynomial. We shall assume that N is proportional
to W. A set of non-conforming spectral element functions which are a sum of tensor products
of polynomials in their respective coordinates are defined on the elements in 2. Let 2; be
one of the elements into which 2 is divided. We now define the spectral element function u;
on £2; by

wow -
wEm= > a;tn.

i=0 j=0

Fig. 1 The domain Q and its
division into 1, 22, ..., QN
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Let {F,} denote the spectral element representation of the function u and S¥-W () denote
the space of spectral element functions F, over the whole domain 2. To state our main
stability theorem we shall define two quadratic forms VMW ({F,}) and U™V ({F,}).

Let [u]lm denote the jump in u across the side y; ;. Let the side y;,; = ¥y, j, where vy,
is one of the sides of the element £2,,,. We assume that the side y;; corresponds to £ = 1
and y,,, ; corresponds to § = —1. Then, [u]l,,, is a function of 5 only. Let J;(§, ) is the

Jacobian of the mapping M; from S to ; and let Zu; (&, n) = Lu; (M (€, n))+/J;. Now we

have to approximate
|£“l|%,g2[ =/ /(ﬁul)zdxdy.
Q

/ / (Lup)?dxdy = / / (Lup)*dgdn. 3.1)
Q S

Let (£)“ denotes a differential operator which is an approximation to .4 in which the
coefficients of .% are replaced by polynomial approximation. Then it is easy to prove that
for W large enough

N N N
> / / (Ludxdy = / / (L) dédn = D 1w — (L) wr + (A wll§ s,
=1 /S =7 =1
N N
< C(Z D willf s + D 1L — (:&)“umé,s),

1=l 1=l
N N

=C Z/S/((.Ez)“uz)zd&dn +ew Z 115 - (3.2)
1=l 1=l

Here, C is a constant and ey — 0 as W — oo. In fact the rate of the convergence of
ew — 0decays exponentially in W (the rest of the proof is given in Sect. 5). We now define
the quadratic form

Hence,

N
P F =3 [ 1w y)Pdxdy
=1 !

+ > G, + D ME“®IIG,,, + X @I,

71,1 CQ\IQ I=|a|=2 la|=3

2
+ > (Iluzllm " ‘ . ) (3.3)
Vs

ys COQ
The fractional Sobolev norms used above are as defined in [22].
Since y; ;, corresponding to £ = 1, is the image of the interval I = (—1, 1), in 5 coordi-

nates
(w(m) —w(n)
hwl2,, = w3, + / / 1+2(,) dndif (3.4)

du
av
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for 0 < o < 1. Moreover,

dw ||?
lwlityo,,, = Ilwi§; + H o (3.5)
' U P
Next, we define the quadratic form
3 2
uNVEN = / > 0% | dgdn . (3.6)
I=1 0<|a|<4

S=Mp~1Q)

We now state our main stability estimate theorem.

Theorem 3.1 Consider the fourth order elliptic boundary value problem (2.1). Then
UMV (FD = Can WYY

At the same time there exists a constant K (using trace theorems) such that
1
VAR UtV AED = canwyt Y AE)D.

Proof By Lemma 3.2, there exists {F,} such that w = u + v € H*(R). Using Minkowski’s
inequality, we can write the following estimate

N N N
Dl s < C(Z s +villF s+ D ||vz||is). (3.7)
=1 =1 =1

Hence, by regularity result stated in Theorem 2.1, the estimate

N N N
Jw
z 15 g §C(§ ”5”1”‘2‘»9'+”w”2%-89+Hiav m+§ ||vz||§,g,) (3.8)
=1 =1

=1

holds.
Inserting the results from Lemma 3.1 and 3.2 in Eq. (3.8), the desired result follows. O

2

3.1 Technical Results

Lemma 3.1 Let {F,} € SN-W(Q). Then there exists {F,} such that v € H*(S), forl =
1,2,...,Nandu +v € H4(S2). Moreover, the estimate

N

2
> llulls
=1

<cnw)* D IlG,, + D M@, + > WIS,

7, SR\ 1<|o|<2 le|=3

N
+ew Dl mllG s

=1

holds. Here, ey is exponentially small in W.

Proof Proof of Lemma 3.1 is very similar to the proof of Lemma 7.1 of [18] and we omit
the details. ]
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Lemma 3.2 Letw = u+v € H*(Q). Here, {F,} € SNV (Q) and {{vi (&, n)};} is as defined
in Lemma 3.1. Then the estimate

w2 +’ [
W7 40 'y
2 v %’39
Ju 2
<Chwy* [ >° (””“%%*‘au 5 )
ys COQ2 2:Vs

+ >0 g, + > @G, + X IE“DII 2,

7.iCQ\IQ 1=|o]=2 =3

N
+ew Z |l (&, 13-

=1

holds. Here, ey is exponentially small in W.

Proof By the Lemma 3.1, there exists {F} such that v; € H4(S), forl=1,2,..., N and
u +v € H*(Q). Using Minkowski’s inequality, the following estimate

2 2
. =cC > (||u+u||;%+‘ . )
2:Vs

.98 7SO
2 ‘

ou
ch(num Ha—v +llvllg,, +

ys SOQ 2:Vs

du v

o e

2 Jw
ol g+ ||

ov
av

2 )
%»Vs

(3.9)

holds.
Applying trace theorem, we obtain

2
ou
. =¢C Z(IIMII;%JrHa

7,98 % SIQ

2 N

2
. )+Z|Iv1||4_s . (3.10)
2:Vs =1

Using the result from Lemma 3.1 in Eq. (3.10), we get the final result. O

2
w + || =
1wl 50 Ha

4 Numerical Scheme

Let f; = f(X[ &, n), Y, n),forl <1 < N. Let f;(s n) denote the polynomial of
degree 2W — 1 in & and n which is the orthogonal projection of f;(&, n) into the space
of polynomials of degree 2W — 1 with respect to the usual inner product on H*(S). Let
vii = ¥i N 0% be the image of & = —1 under the mapping M; : § — ;. Let
& (X!(—1,n), Y!(~1,7)) = &;(n) and let &’1(77) denote the orthogonal projection of ®;(n)
into the space of polynomials of degree 2W — 1 in n with respect to the usual inner product
in H*(—1, 1). Let W(X'(—1, ), Y'(—=1, 7)) = ¥;(n) and let ¥;(n) denote the orthogonal
projection of W;(n) into the space of polynomials of degree 2W — 1 in n with respect to the
usual inner product in H*(—1, 1). Let J; denote the Jacobian of the mapping M; as before.
Define

Fig,n) = fitg, Vi and  ZLuy(E, ) = Luy(My(E, M)V Ji.
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We now define the least-squares functional

N
RYW ({FD = DI w — Fll5 s
=1

+ D (MG, + Do M@ W G, + > @ w2,

7, SQ\IQ I<|a|<2 |or[=3
- dur\* ik
+ > (||uz—d>1||%/2,ys+H(a) -, : (4.1)
1»CIQ Y 5/2.7,

Our numerical scheme may now be formulated as

Theorem 4.1 Find Fy, € SN-W(Q) which minimizes the functional RN-W{FD over all
Fu e SVV(Q).

This functional RN-W ({F,}) is closely related to quadratic form in the stability estimate in
Theorem 3.1. Using quadratures we can exactly evaluate the functional RY-W ({F,}). Thus,
we find a solution which minimizes the sum of L? norm of residuals in the partial differential
equation and fractional Sobolev norm of the residuals in the boundary conditions and enforce
continuity by a adding a term which measures the sum of the squares of the jumps in the
function and its derivatives at the inner-element boundaries in appropriates Sobolev norm.

Now

RNY (WU +eV) = RYW(U) +2¢VI(SU — TG) + o(e?)

for all V, where U is a vector assembled from the values of {(u; (&€, n))}.

Similarly V is a vector assembled and G is assembled from the data. Here S and T denote
matrices. Thus we have to solve SU — TG = 0.

The method is essentially a least-squares method and the normal equations can be solved
using the preconditioned conjugate gradient method (PCGM). To be able to do so we must be
able to compute the residuals in the Normal equation inexpensively. Let the normal equations
be

ATAU = ATG.

Thus at each iteration of the PCGM we have to compute the action of a matrix on a vector.
The feasibility of such a process depends on the ability to compute A7 AU efficiently and
inexpensively for any vector U. As in [18-20] it can be shown that AT AU can be computed
inexpensively without computing the mass and stiffness matrices.

However, in addition to this it is imperative that we should be able to construct an effective
preconditioner for the matrix A” A so that the condition number of the preconditioned system
is as small as possible. If this can be done then it will be possible to compute (AT A)~'G
efficiently using the PCGM for any vector G.

4.1 Parallelization and Preconditioning

This quadratic form YN-WFED is equivalent to the functional RN-W ({F,)) with zero data.
Define a quadratic form % N.W({F,)), where

N

2NV AFRD = D - 4.2)
=1
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Here, V"W ({F,}) is the preconditioner for YN-W(F,1). Now, we find the estimate of
condition number of the preconditioner % NW{FD.
Using Theorem 3.1, the following result holds

1

- g/NW N,W N.W
Clogwyi 2 (Fh) = VERARD = K250 (7D (4.3)

where K is a constant. From (4.3), we observe that the condition number of the preconditioned
system is O ((log W)*). Now ¥y is defined in terms of Legendre polynomials in & and 7. The

form of vy is
wow

) =2 aiLiEL;m). (4.4)
i=0 j=0

The coefficients a; ; are arranged lexicographically in i and j. The detail of the computa-
tion of preconditioner is given in [17,23]. Each element is mapped to a single processor
for ease of parallelism. During the PCGM process, communication between neighbouring
processors is confined to the interchange of information consisting of the value of function
and its derivatives at inter-element boundaries. In addition we need to compute two global
scalars to update the approximate solution and the search direction. Hence inter-processor
communication is quite small.

5 Error Estimates

In this section we obtain the error estimates for the proposed method. If u is smooth then
the proposed method gives spectral accuracy in W, however if u is analytic then the method
gives exponential accuracy in W. The optimal rate of convergence with respect to Wy, r, the
number of degrees of freedom is also provided.

Let {F,} minimize RN ({F,}) over all {F,} € S¥W (). We write one more represen-
tation for {F,} as {F;} = {{z1(€, M}, }-

Consider a typical quadrilateral €2; into which 2 is divided. Let

Ui, n) =uM;&,n)),

where the general form of the mapping M; = (x! &, n), YZ(E ,n)) from S to €; has been
defined in [4]. Then the following has been proved in Lemma 5.1 of [4].

Theorem 5.1 (Lemma 5.1 of [4]) If U; is analytic on S then for some constant C and d
independent of l and |o| = m, m = 1,2, ..., we have

|D*Ui (€, n)| < Cmld™.
Our main theorem on error estimates is now stated.

Theorem 5.2 Let {F,} minimize RY'W ({F,}) over all {F,} € SN¥-W(Q). Then there exist a
constant C such that

VY ({Fe-v))) = CW2H2 (). (5.1)

N
Here, eV ((Fi.—u))) is as defined in (3.3) and (I) = > _||Ul| s.
=1
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Proof Here, U;(&, n) = u(M;(&, n)). Then using the results on approximation theory as in
Section 5 of [4] it follows that there exists a polynomial ¢ (£, ) of degree W in each variable
separately such that

WU = @il s < CsWH2=2 1012 (5.2)
forO <m <4andall W > s, where Cy = Ce* . Hence
WU = illF g < CW 2121102 5. (5.3)

Let f; be the polynomial of degree (2W — 1) in each variable separately which is the orthogonal
projection of f; in H*(S) into the space of polynomials of degree (2W — 1). Then

Lfi — fillg.s < C:@W — D)2 21Uy |7 . (5.4)

Next, we examine the error committed in the boundary data. Let &;(n) = o(x(-1, 1),
Yi(=1,n)) for =1 < n < 1. Let &)1(7)) be the polynomial of degree (2W — 1) in each
variable separately which is the orthogonal projection of ®;(n) in H 4(=1, 1) into the space
of polynomials of degree (2W — 1). Then we have

1 — @113 )5, < C@QW — D225y 7 (5.5)

fort <2W — 1.

Let W;(n) = W(X'(—1,7n), Y (—1,n)) for 0 < n < 1. Let ¥;(5) be the polynomial of
degree (2W — 1) in each variable separately which is the orthogonal projection of W;(n) in
H*(—1, 1) into the space of polynomials of degree (2W — 1). Then we have

W = W13, < C:QW — D220y 1F (5.6)

fort <2W — 1.

Now consider the set of functions {¢; (£, n)}. We wish to show RN W ({¢ (£, n)}) as defined
in (3.3) is exponentially small in W.
It remains then to estimate the terms

ROV (E = 3 |[rone. - e[
=1 ’

+ > <||[¢]||%,m+ > ||[(a“¢)“]||§,m+z||[<a”¢)“]||f/2,ylyi>

71,i SQ\IQ 1<|a|<2 l|=3
2

5/2%) ‘

(5.7)

+ (H(@)“(—l,n)—&n(n)Hjm +H(%) (=1, = B
¥ COQ o

Let .7} denote the differential operator with analytic coefficients such that

//(Azu(x,y)) dxdy =//(flu(§aﬂ))2d§d77,
Q N

where

L&, n) = Ajugzee + Biugeey + Crugeny + Distgngn + Eignny + Frugze + Gruesy
+ Hittgny + Tigny + Jiugs + Kiugy + Lougy + Miug + Ny + Oqu.
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We can show as in [4] that there exists constants C and d such that
|D§’1 Dg‘zAll < Cd"m!

forall (¢, n) € S, |@| < m. Similarly, we can estimate all other coefficients of .&].
Now,

(D uE, n) = (A ugeee + B uggen + (C) ugenn + DD ugnyy + (€D tnpyy
+ (]:l)auééé + (gl)aussn + (Hl)auérm + (Zl)aunrm + (%)auéé + (Kl)auén
+ @) upy + M) ug + N uy + (0 u.

Here, (A;)“ is the orthogonal projection of .4; in H*(S) into the space of polynomials of
degree W — 1. The other coefficients of (£)? are obtained in a similar way. Therefore,

JA; — (A)7] < V/Cs (W = 1)™5F0 (Ca®s)).

Same relation holds for all other coefficients. Now
112
20— |
(R
2 2 ~ |2
53(||zw1—(ﬁ)“wﬂoﬂH(ﬁ)“m—(ﬁ)“@uo,ﬁHﬁ—szOS).

Hence,
WD o — filll s < C W12 1y 2 .
Finally, we show how to estimate the jump term (at inter-element boundary)
2 2
161G, + 2 e, + 2 e ..,
1<o|<2 loe|=3

forany y;; € Q\9Q.

The other boundary terms can be handled in a similar fashion. Clearly, y; ; is a side which
is common to €2, and €2, for some m and n. Let us assume that y; ; is the image of the side
& =1 of the square S under the mapping M,, and § = —1 of the square S under the mapping
M,,. Then

1
oG, = / [ @n(lm) = (-1, m)* dn < Cs (W™ 2T12(Cd’s)?).

Now,
111115, = || (@G + @unGinde) )
~(@e@+ Gnin) o)
Also,
U)o (1 1) = (W G + Uy () ) (1, ),
U (=1, 1) = (Un)e @ + Uy 012 ) (=1 ).
Moreover,

(Um)x (L, m) = (Up)x (=1, n).
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Now (&)x, (Mm)x, (m)y and (17,,)y are analytic functions of £ and 7 and satisfy
|D*' D*? ((§m)x)| < Cd™'m!

for (§,n) € S and || < m. Similar estimates hold for the functions (17,)x, (§x)y and () y.

So we can show

2
<C W—2S+12 CdSA ! 2 )

o iy S (Cd’s1)?)

(@ - @)

Combining all these estimates, we conclude that
> @G, <Cs (W2 @).
7,iSQ\IQ
Similarly, we can show that
> @G, <Cs (W2 @),
71,i SQ\IQ

and

f@e)As, < (W42 @).
SVLi

7. CR\IQ l|=2

Finally, we estimate the term ||[(¢)¢, 1| |% 2o We have

||[(¢);XX]”%/2‘VI,I' = ||(¢m)zxx(1» n) — (¢n),‘:xx(_17 77)”%/2,(_1,1)7
where
@)%k = @Dess €N +30)een ENEA)x + 3D DennENx (W2 + (D)) yyn (7 ))3
+3())ee (Ex (Ej)ax + 30 en(Exx (M + Ex(A)xx)
+ 3(¢j)nr](ﬁj)x(ﬁj)xx + (¢j)§(éj)xxx + (¢j)r](ﬁj)xxx-

for j = m, n. We have

Un)xxx (1, 1) = (Un)ese En)? + 3Unm)een Em)2 ) + 3Unm)eny Em)x ()2

+ (Un)nnn (m)3 + 3Um)eg En)x E)xx + 3WUn)en (Em)xx (m)x
+ Em)x M) + 3Um)y () x ) xxe + Unde Em)
+ Un)y (m)xxx) (1, ).
and
(Un)axx (=1, 1) = ((Un)zes En)3 + 3(WUn)eenED3 )z + 3Un)eny En)x ()3
+ Un) g )3 + 3Un)ee En)x En)xx + 3(Un)en (En)xx (M)

+ ED)x)xx) + 3(Un)m7 M)x M) xx + (Un)E En)xxx
+ (Un)n(nn)xxx) (=1, m).

Moreover,

(Um)xxx(l, 77) = (Un)xxx(_lv 77)
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and
llabll1/2,-1,1) < llall1,co,—1,nl1Bll1/2,(~1,1)-
Now, (Sm)i’ (Sm))%(nm)x» (‘(Em)x(nm))%s (nm)g» Em)xEm)xxs Mm)xEnmdxxs Em)x M) xxs

M) x Mm)xxs Em)xxx and () xxyx are analytic functions of £ and n on S and satisfy
|DE' DY ((En)3)| < Cd™ m!

for (£, n) € S and |a| < m. All other terms can be estimated similarly. So we can show that

2
<C W*ZSJrlZ CdY ! 2 .
et S s( (Cd’sH7)

&3 = w3
Putting all these estimate together we conclude that

D@, < C WHET2 D,
7. SQ\IQ

Similarly,

D @Iy, < Cs W2 D,

Vi SR\IQ

D@y, < C W2 @),
1.iSQ\IQ

> @5, < € W2 @,
Vi SR\0Q

Hence, we can conclude that
RMW(Fs) = 6 W (.
Let {F.} minimizes RV'W ({F,}) over all {F,} € SNV Then we have
RYY(Foh) = RVVAED + VY ((Fp—2)) -
Therefore, we conclude that
VY ((Fp2)) = RV (AR < G WP (@)

Hence, using stability theorem 3.1, we obtain

N
Dol m =z mllas < ¢ W22 @ (5.8)

=1

It is easy to show that

N
Dl ) = UiE mllas < C W>H2 @ (5.9)
=1
Combining the results (5.8) and (5.9), we obtain
N
DNUIE D) —aE mllas < C W2 @), (5.10)
=1
which is the desired result. m]
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Theorem 5.3 Let {F,} minimize RNW{FD over all {F,} € SN-W(Q). If u is analytic
then there exist constants C and b (independent of N ) such that

EVW ((Fremuy)) < Ce™PV. (5.11)
Here, EN-W ({]—'(Z,U)}) is as defined in (3.3).
Proof Combining Theorem 5.1 and 5.2, we obtain
EVV ((Fomwy)) < € WHT (s1d%)? (5.12)

for W > s.
Applying Stirling’s formula

nl ~2xnn" e
in Eq. (5.12) and choosing s = y W with 0 < y < 1, implies
MY ((Fe-v))) = CWRryWydy)?".
Select y so that (dy) < 1. Then there exists a constant b > 0 such that the following result
holds:
ENVY ((Femwy)) = Ce?W.
O

Remark 5.1 After having obtained the non-conforming spectral element solution we can
make a correction to it so that the corrected solution is conforming and the error in the H?
norm is exponentially small in W. These corrections are similar to those for second order
problems as explained in [33,37].

Let us now estimate the error in terms of number of degrees of freedom. There are O(1)
number of elements in 2 and each element has O (W?2) degrees of freedom.

Theorem 5.4 Let {F,} minimize RN'W ({F,}) over all {F,} € SNV (Q). Then there exist
constants C and b (independent of N and W) such that

_le/Z

UNY ({Femuy)) < Ce 7 Maor, (5.13)

Here, UN-W ({F.—uv)}) is as defined in (5) and Waor = dim(SN-V(Q)) = # degrees of
freedom.

6 Numerical Results

Let ugpprox. be the spectral element solution obtained from the minimization problem and
Ueracr De the exact solution. Then the relative error is defined as

||uappr0x. — Uexact|| g2
E]lrer (%) = x 100.
||Mexact||1~12

The numerical results presented in this Section have been obtained with a FORTRAN90
code. All our computations are carried out using a 372-node HPC cluster which is based on
Intel Xeon Quadcore processors with a total of 2944 cores having a peak performance of 34.5
TFE. In all examples of this section we have mapped each element onto a single processor.
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Table 1 Performance of the method for Example 6.1 on Mesh 2

w E o1 (%) (H 2 norm) Max error Iterations  CPU time(S)
2 0.60127084675731879 1.4886821601824529 x 102 6 2.721 x 1073
4 1.06044786148565859 x 1073 2.1758722107367845 x 10~4 33 2.124 x 1072
6  1.31553806687696946 x 10> 6.6246807017833476 x 10~/ 98 0.1209
8 4.46245599057767725 x 108 1.2972756202600522 x 10~10 339 1.0475

10 5.16801183756960632 x 107 2.2275514766079141 x 10713 750 4.804

The library used for inter processor communication is Message Passing Interface (MPI). To
show the exponential rate of convergence the relative error is plotted on a log —scale.

We perform the PCGM until a stopping criterion on the relative norm of the residual
vector for the normal equations becoming less than €, a specified number, is satisfied. Since

we would need to perform O (4| log (%) |) iterations of the PCGM to satisfy the stopping

criterion, we would need to perform O (W (In W)?2) iterations of the PCGM to obtain the
approximate solution to an accuracy of O(e~""). Here, « denotes condition number of the
preconditioner. Each iteration requires O (W?3) operation-time on a parallel computer with
O(N) processors. Thus, the method requires O(W*(In W)?) operation-time on a parallel
computer with O (N) processors to compute the solution to an accuracy of O(e~?%).

Let Q = S be the master square with boundary 92. In all our examples we have used three
different meshes with uniform mesh size # = 2.0, 1.0 and 0.5 in each direction (corresponds
to N = 1, 4 and 16 respectively).

Remark 6.1 In general singularities arise at the corners for 2D square domain. However,
we choose our data selectively so that the solution is not singular at the corners.

Example 6.1 (Biharmonic problem with Dirichlet boundary conditions): Consider the bihar-
monic problem with Dirichlet BCs on Q2 = (—1, 1)2,

A’w=f in Q,

w=g on 0Q
Jw
— =h on 0%.
av

We choose f, g and & such that the exact solution is

40V,

w(x,y) =x

Results are presented in the Table 1 and the corresponding plots are shown in Fig. 3. A
uniform mesh of size 4 = 1 is used which corresponds to the Mesh 2 (Fig. 2). In Fig. 3a, the
relative error is plotted against W. Fig. 3c contains iterations vs. W and shows growth of iter-
ations almost O (W (log( W))?) with increase in polynomial order. This is in agreement with
our condition number estimates obtained in [23]. It is clear that the error decays exponentially
and satisfies (5.1). Relative error as a function of iterations is shown in Fig. 3b. It validate the
result which require O (W (log W)?) iterations to achieve the accuracy of O (e=PW) (Fig. 4).
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h=2.0
h=1.0
h=0.5
h=2.0 h=1.0 h=0.5
(a) (b) (©
Fig. 2 The domain Q = § = (-1, ])2 with uniform refinements a Mesh 1, b Mesh 2, ¢ Mesh 3
10° 100 . . . . T T T
o L2
» ——E, (%) H" norm Error » —©—E_ (%) vs. lterations
10 —6— L~ Max Norm Error 10 i Max Error vs. Iterations
exp(-1.5 W) vs. lterations

10 1074 -
510" » 108 1
5 51
wo ]

10 108 ]

107 10-10 4

107 10712 1

10" 10714 N N N N N N N

2 3 4 5 6 7 8 9 10 0 100 200 300 400 500 600 700 800
Polynomial order (W) lterations
(a) (b)

Iterations

4 5 6 7 8 9 10
Polynomial order (W)
(©

Fig. 3 a Error vs. W, b error vs. iterations (log scale), ¢ iterations vs. W (log scale), for Example 6.1

Example 6.2 (Homogeneous boundary conditions): In order to demonstrate the efficiency of
the method and to compare our scheme with those existing in the literature, we now consider

the biharmonic problem:

—Aw+2A’w=f in Q=(-1,1)2,

w=0 on 09,

0
—wzo on 02,
av
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Fig. 4 a Exact solution, b approximate solution for W = 10 in Example 6.1

Table 2 Performance of the method for Example 6.2 on Mesh 1

w E o1 (%) (H 2 norm) Max error Iterations  CPU time (S)
2 3.62870228556854343 x 1072 1.6542093809179998 x 1073 3 1.851 x 1073
4 9.86996446748267290 x 10713 3.2841768825801339 x 10~15 22 1.322 x 1072
6  1.60900967939701450 x 10712 9.5399834196338258 x 10~18 68 4.937 x 1072
8 1.33335695643902808 x 10712 5.8526518165640814 x 10717 162 0.345

10 2.32562845079669455 x 1013 3.1955712628823149 x 1018 304 2.673

Table 3 Table from Ben-Artzi et al. [9]

n 32 64 128 256

llw — wyll;2 2.0763(—6) 1.2735(=7) 7.9604(—9) 4.9762(—10)

1z w — wy pll 2 3.4466(—6) 2.1542(=7) 1.3465(—8) 8.173(—10)

3yw — wy pll; 2 3.4466(—6) 2.1542(=7) 1.3465(—8) 8.173(—10)

and test the performance of our method. Consider the case when the exact solution is

w(x, y) = (1 —xH)H (A —yH2.

In this case we have homogeneous boundary conditions. This example was reported in [9].
Table 2 summarizes the results. Comparing Tables 2 and 3, it can be observed that:

1. Ben-Artzi et al. achieved 107!0 accuracy with grid point n = 256 while our proposed
method LSQ-SEM obtain 103 accuracy with total grid point n = 5.

2. The proposed method takes only 1.3 x 10~2 second to achieve 3.2 x 10~!3 accuracy.

3. As expected we received zero error up to the machine accuracy, however, with much
fewer degree of freedom as compared to 3, this is in agreement with the fact that our

method is exact for polynomials.

4. Plots among various parameters are plotted in Fig. 5. It is clear from the plots that the
method give accuracy up to machine precision for polynomial solutions and is very
effective in comparison to other methods.

5. The graphs of exact solution and approximate solution for W = 10 are given in Fig. 6.
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10° 100 T T T T T T T
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— EreI (%) H” Norm Error| Max Error vs. Iterations.
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Fig. 5 a Error vs. W, b error vs. iterations (log scale), ¢ iterations vs. W (log scale) for Example 6.2

Fig. 6 a Exact solution, b approximate solution for W = 10 in Example 6.2

Example 6.3 (Non-homogeneous boundary conditions): We consider an additional example
by choosing our exact solution as

w(x,y) =sinx e’
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Table 4 Performance of the method for Example 6.3 on Mesh 2

w Eyo1 (%) (H2 norm)

Max error

2.67502911305649814 x 10~2
4.02859793585439406 x 1073
5.78216635837976056 x 105
9.26620066284744865 x 10~8
10 4.43112499040186328 x 102

o AN B~

4.8902248027385298 x 1073
5.8463514573992015 x 1075
1.0368376726077599 x 10~/
4.1968957198434964 x 10~10
2.7706725802545407 x 1013

Iterations  CPU time (S)

3 1.612 x 1073
19 3.4240 x 1073
61 447933 x 1072

195 0.4402
466 2.9855

— E"gI (%) H? Norm Error|
2

—O— L~ Max Norm Error

Error

Error

2 3 4 5 6 7
Polynomial order (W)
(@)

—6—E,,, (%) vs. lterations
Max Error vs. Iterations
exp(-1.5 W) vs. Iteartions

200 300 400 500
Iterations

(b)

10°

Iterations

—— lterations vs. W
—O— W(log(W)) 2 vs. W

T s s 7 s s
Polynomial order (W)

(c)

Fig. 7 aError vs. W, b error vs. iterations (log — log scale), ¢ iterations vs. W (log scale) for Example 6.3

This solves the equation

—Aw+ A’w = f(x,y) in Q=(—1,1)%

with non-zero boundary conditions where the forcing term f(x, y) = 0. Performance of the
method on Mesh 2 (Fig. 2) is presented in Table 4.

Plots of relative error and iterations against polynomial orders and other parameters are
depicted in Fig. 7. The relative error decays rapidly to ~ 10~7 when W = 8. The error profile
is nearly a straight line for W = 2, ..., 10. This shows exponential convergence (Fig. 8).
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Fig. 8 a Exact solution, b approximate solution for W = 10 in Example 6.3

Table 5 Performance of the method for Example 6.4 on Mesh 3

w E o1 (%) (H2 norm) Max error Iterations  CPU time (S)
2 3.41380391572896347 x 102 2.8270052310783389 x 1073 4 2.8900 x 10~4
4 1.2257864840169817 x 10~4 4.1213438439768879 x 10~8 25 43330 x 1073
6  7.1566154102613402 x 1070 2.0951638202149070 x 1077 67 4.0098 x 1072
8  7.2191879756800845 x 10~ 2.1539658945357587 x 10~ 11 198 0.4387

10 9.9711674340331277 x 1077 6.7057470687359455 x 10~14 454 2.939

itlt)lllf)g friilrfzrlrtrin;eaﬁf[tlh]e Meshsize 3-cycle FMG error Disc. error W-cycle

16 x 16 8.3 x 1078 8.9 x 1078 17
32 % 32 58x 1077 58 x 1077 17
64 x 64 4.8 x 10710 4.1 x 10710 17

Example 6.4 (Non-separable biharmonic problem): In Table 5 we report results of numerical
simulations of our solver on Mesh 3 of Fig. 2 for a non-separable biharmonic problem in

Q = (0, 1)2 (see also [1,9]) with exact solution

3 y
,y) =x"log(1 +y) + ——.
w(x, y) =x"log(l+y) T x

Comparing the Tables 5 and 6, we can easily see that

1. Altas et al. [1] obtained 1010 accuracy for mesh size 32 x 32 while LSQ-SEM achieve

10! accuracy with mesh 3 for W = 8.

2. The proposed method takes only 0.4387 second to achieve 10~!! accuracy.

3. Plots for various parameters are presented in Fig. 9. Percentage relative error against
polynomial degrees and iterations is plotted in Figs. 9a, b respectively on a log-scale.

4. The graphs of exact solution and approximate solution for W = 10 are given in Fig. 10.
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10° 100 . . T T

—e—E_, (%) H? Norm Error| —O—E, (%) vs. Iterations
Max Error vs. Iterations 4
exp(-1.5 W) vs. lterations

rel

—E— L™ Max Norm Error

107 1

5 5 10° 1

i &
108 1
10 -10 B
10 -12 B
10-14 R R R R

2 3 4 5 6 7 8 9 10 0 100 200 300 400 500
Polynomial order (W) Iterations
(@ (b)

108 T T T T T T T

Iterations

100
—+— Hterations vs. W/
—EG— W(log(W))  vs. W

2 3 4 5 6 7 8 9 10
Polynomial order (W)

(¢

Fig. 9 a Error vs. W, b error vs. iterations (log — log scale), ¢ iterations versus W (log scale) for Example
6.4
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Fig. 10 a Exact solution, b approximate solution for W = 10 in Example 6.4

5. It is evident from the graphs the approximate solutions converge exponentially to the
exact solution.

Remark 6.2 It is clear from these examples that the method is efficient in dealing problems
with homogeneous as well as non-homogeneous boundary conditions.
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Table 7 Performance of the method for Example 6.5 on Mesh 3

w E,o1(%) (H 2 norm) Max error Iterations  CPU time (S)
2 4.9926302142486962 1.5937829051950736 x 1073 4 2.9800 x 10~4
4 0.36097800115978257 1.7543143313092369 x 104 23 23010 x 1073
6 3.4780996426294966 x 102 1.9430816851073729 x 10~° 64 3.84859 x 102
8 7.8767553973230816 x 10~4 1.0277597661811910 x 10~8 159 0.1206

10 5.7174121699445833 x 10~°  2.2909341090837643 x 10~11 332 1.8214

12 8.6162040406699433 x 108 1.7491597170682383 x 10~13 510 5.1138

Table 8 Table from Shen [34]

w 16 32 64 128

L Error 1.48E —2 745E — 12 2.04E — 14 2.81E — 14

Table 9 Table from Bialecki et al. [11]

w 16 20 24 28 32

[lu —Ul|po 0.25(—1) 0.26(—3) 0.16(—5) 0.45(—8) 0.71(—11)

|[lv = V|| 0.44(+1) 0.59(—1) 0.36(—3) 0.11(=5) 0.16(—8)

Example 6.5 (Periodic boundary conditions): In our next example we take Q = (—1, 1?2

and solve (2.1). We choose f, g and & such that the exact solution is

w(x, y) = sin®(27x) sin®(27y).

This example was considered in [1,9,12]. The source term is Alw(x, y) and the boundary
conditions are zeros on the four sides of the square. Table 7 depicts the numerical results.
Here, we are comparing our result in Table 7 from Tables 8 and 9. The observations are

as follows:

1. Shen [34] and Bialecki et al. [11] achieved the accuracy 10712 for W = 32 while LSQ-

SEM obtain 10~ accuracy for W = 12.

2. In Fig. 11a, relative error is plotted against polynomial order W on a log —scale. The
curve is almost a straight line and it confirms the theoretical estimates obtained.
3. In Fig. 11b, the error is drawn as a function of iterations on a log scale. It satisfy the

criteria to achieve the O (e~?W) accuracy with O (W (log(W))?) iteration.

4. InFig. 11c, iteration is plotted against polynomial order W on a log —scale. The growth

of the iterations is almost O(W(log(W))z).

5. The graphs of exact solution and approximate solution for W = 10 are given in Fig. 12.
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Fig. 11 a Error vs. W, b error vs. iterations (log scale), ¢ iterations vs. W (log scale) for Example 6.5
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Fig. 12 a Exact solution, b approximate solution for W = 12 in Example 6.5

7 Conclusions
In this article we have presented a fully non-conforming least-squares spectral element

method for fourth order elliptic problems on smooth domains. It is shown that the con-
dition number of the preconditioned system is O ((In W)*). It is also clear from giving test
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problems that the error in the computed solution decays exponentially in W, the number
of elements in the mesh. The computational complexity of the method is O (W*(In W)?)
operations on a parallel computer with O (N) processors.

Numerical results for a number of test problems on rectangular domains with analytic
solutions confirm the estimates obtained for the error and computational complexity. The
algorithm is quite simple and easy to implement on parallel computers since the bottlenecks
of our algorithm are matrix-vector multiplications. The method works for variable coefficient
problems too and can be extended to three dimensional problems with less efforts. We plan
to develop numerical schemes for fourth order problems with various types of singularities
on polygonal and polyhedral domains in future work.
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