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Abstract

Integration operational matrix methods based on Zernike polynomials are used to determine approxi-
mate solutions of a class of non-homogeneous partial differential equations (PDEs) of first and second
order. Due to the nature of the Zernike polynomials being described in the unit disk, this method is
particularly effective in solving PDEs over a circular region. Further, the proposed method can solve
PDEs with discontinuous Dirichlet and Neumann boundary conditions, and as these discontinuous
functions cannot be defined at some of the Chebyshev or Gauss-Lobatto points, the much acclaimed
pseudo-spectral methods are not directly applicable to such problems. Solving such PDEs is also a
new application of Zernike polynomials as so far the main application of these polynomials seem to
have been in the study of optical aberrations of circularly symmetric optical systems. In the present
method, the given PDE is converted to a system of linear equations of the form Ax = b which may
be solved by both [; and /3 minimization methods among which the [; method is found to be more
accurate. Finally, in the expansion of a function in terms of Zernike polynomials, the rate of decay
of the coefficients is given for certain classes of functions.

Keywords: integration operational matrix, Laplace equation, partial differential equations, Zernike
polynomials
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1 Introduction

1.1 Background

If the analytical solution of a partial differential equation (PDE) with a forcing function and given
boundary conditions is difficult, we go for numerical methods as discussed in [4], [18], and [19]. In
many practical cases such as fluid flow in a rotating cylinder, electromagnetic equations in cylindrical
waveguides and optical lens design, and many other cases of a cylindrical or a spherical boundary with
axial symmetry, one needs to solve PDEs over a disk instead of a rectangular boundary [4, 5, 18].

One of the important numerical methods to solve PDEs is using integration operational matrices
(IOMs), first introduced in [9] who showed that integral and differential equations could be reduced
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to a set of linear algebraic equations with an approximation in the sense of least-squares by taking
an orthonormal set of Walsh functions. This approach was subsequently applied to solve PDEs in
rectangular regions using piecewise constant orthogonal functions (PCOF) and orthogonal polynomials
(OP), comprehensive accounts of which are available in [23] and [10]. A set of 2-D orthogonal functions
known as Zernike polynomials and defined on the unit disk is used in the analysis and evaluation of optical
systems with circular pupils by expanding optical wavefront functions in series of these polynomials
[28, 20, 3]. Tt appears that these polynomials have never been used in the analysis of PDEs and in this
paper they are fruitfully employed to solve PDEs on a disk.

With the above motivation, the main contribution of this paper is a new method of solving PDEs
in circular regions with discontinuous Dirichlet and Neumann boundary conditions using Zernike poly-
nomials and IOMs. In practice, to get an IOM, a pre-selected set of orthogonal functions (OFs) is first
integrated analytically. The result of integration is then expressed in terms of a fixed finite number of
functions in the original set of OFs. This gives an approximation of the integration operator. On the
other hand, for a set of OPs, a three-term derivative recurrence relation is available, which on integration
allows one to express any orthogonal function in the set in terms of the original set of OPs. For the radial
parts of Zernike polynomials, neither a three-term recurrence relation is available, nor on integrating
any radial polynomial in the set can it be expressed automatically in terms of other polynomials in the
set. However, this difficulty can be obviated by using a derivative relation of the radial parts of Zernike
polynomials given in [21], different from the three-term derivative recurrence relation of OPs, which
needs a trivial matrix inversion to get the IOM of the radial parts of Zernike polynomials.

If a known function u(r, ) is approximated by the Zernike polynomials R (r)e?™ of order (m,n),
m being the azimuthal frequency and n the degree of the radial polynomial R™(r), then the radial poly-
nomials of degree higher than n are neglected. In the method proposed here, to obtain the approximate
solution of a PDE, these higher order polynomials are approximated by lower order polynomials with
some reliable interpolation formula such as Lagrange’s, see Remark 2.1, equations (3.7) and (3.8). If this
projection of the neglected polynomials on the space generated by the lower order polynomials is not
done then our IOM method of solving PDEs using Zernike polynomials may fail. In [23], the author used
two dimensional block pulse functions to solve second order PDEs. However, the approximate solutions
did not converge, and this may be attributed to the fact that the above mentioned idea of projecting
higher order terms was not considered.

Using IOMs, a given PDE is reduced to a system of linear equations of the form Ax = b, where
A is a sparse matrix. This must then be solved to obtain an approximate solution of the PDE. This
is usually solved with least squares approximation by using standard matrix pseudo-inverse or Moore-
Penrose inverse and is called Il method. An alternative method to solve such a sparse system is an
ly-minimization algorithm developed in [6] which is used in this paper and found to be more accurate
than the least squares solution.

As a comparison with some of the existing methods, it may be noted that pseudo-spectral collocation
methods seem unsuited for solving PDEs with discontinuous boundary conditions. In any of the pseudo-
spectral collocation methods, the Chebyshev points:

(cosZ +1),i=0,1,...,M

or the Gauss-Lobatto points in the interval [0,1] are chosen so as to minimize Runge phenomenon, and
the boundary conditions (BCs) must be defined at these discrete points. In the problem that we have
considered here in Example 3.1 of Section 3, this would imply that the mixed BCs are discontinuous for
1 = M. Therefore, the given boundary conditions will not be defined at one of the collocation points.



The method proposed here can naturally take care of such discontinuous BCs although Gibbs-Wilbraham
phenomenon will still appear. This is expected when using Fourier series, and cosine and sine functions
are part of the structure of Zernike polynomials.

One of the primary concerns in numerically solving PDEs is the convergence of the solutions. The
ingenuous basis functions developed by Livermore et al. in [17] to apply Galerkin’s method on the disk
and sphere behave asymptotically as Jacobi polynomials for large degree, and so their convergence rates
are similar to the latter polynomials. In the polynomial representation of a function f(z) of one variable,
where the domain is an interval, it is generally true that Chebyshev polynomials give the fastest rate of
convergence from the larger family of Jacobi polynomials except when f(x) is singular at one or both end
points. In this setting, all Gegenbauer polynomials (including Legendre and Chebyshev) converge equally
fast at the endpoints, but Gegenbauer polynomials converge more rapidly on the interior with increasing
order of the degree m. However, for functions on the unit disk, Zernike polynomials are superior in
terms of rate of convergence when compared to Chebyshev-Fourier series [5]. So, in terms of the rate of
convergence, the performance of the method proposed in this paper using the IOM of Zernike polynomials
has the same superiority as discussed in [5]. Moreover, it is also shown in this paper (see Theorem 4.3)
that for functions that are Hoélder continuous of order A, the coefficients C,,, in the expansion of a
function u(r,#) in terms of Zernike polynomials R™(r)e’™ decay at least like m=**1 X\ > 1. Using
methods similar to the decay of Fourier coefficients for functions of a single variable, a similar result
(Theorem 4.1) is given for functions that are k times continuously differentiable.

Some preliminary ideas underlying the Zernike polynomials are given next.

1.2 Preliminaries and Notation

Zernike polynomials are used to conveniently expand optical wavefront functions that arise in optical
systems with circular pupils [28, 3, 16]. Proposed by F. von Zernike in [28], these polynomials are
orthogonal on the unit disk B(0,1) = {(z,y) € R? : 2% + y? < 1} and can be found in the following way
[28, 20, 3]. To start with, one considers a partial differential equation that is invariant under rotations
of the coordinate axes about the origin. Such an equation has the form:

B) o\> B B
A — — — — =0. 1.1
U+o¢<xax+yay> U+B<xax+yay>U+'yU 0 (1.1)

In polar coordinates r and ¢, by using the transformation: = = rcos¢ and y = rsin ¢, equation (1.1)
becomes

02U 1 ou  10%°U
1 H— - — + == =0. 1.2
( +ar)arz+<r+(a+5)r) 8r+r28¢2 +~yU =0 (1.2)
Choosing o = —1, f = —1, and v = n(n + 2) gives the hypergeometric equation
d?y dy 1 m?
x(lz)dx2+(12z)dx+4[n(n+2)x]yO. (1.3)

The solution of (1.3) denoted by R!™(r) is known as the radial part of a Zernike polynomial and is given
by (1.4) below when n, m are non-negative integers, and n — m is even and non-negative, see [20], [22]
and [3]:

n—m

R™(r) = g (—1)" (n—0) P2, (1.4)

£=0




The radial part of Zernike polynomials can be expressed in terms of classical Jacobi polynomials defined
on the interval [0, 1], as outlined in [27] and [11]. The classical Jacobi polynomials satisfy a three term
recurrence relation, a second order differential equation as (1.3), and interesting properties such as (2.9),
see [1] and [8]. A method of computing the radial parts of Zernike polynomials of arbitrary degree using
the discrete Fourier transform has been discussed in [15]. In [24], a recurrence relation that depends
neither on the degree nor on the azimuthal order of the radial polynomials is developed. The Zernike
polynomials are solutions to (1.1) or (1.2), and are given by

Ut (r,¢) = Ry (r)(Crcosme + Caysinme), n e NU{0}, n—m >0, n—m even, (1.5)

where C7 and C5 are arbitrary constants.

It is worth mentioning that Zernike polynomials is the general name for a class of bivariate orthogonal
polynomials on the unit disk, and they are a particular case of orthogonal polynomials on the unit disk,
see [11]. They are defined by a radial part that is a univariate orthogonal Jacobi polynomial defined on
the interval [0, 1], and a non-radial part that is a bivariate spherical harmonic. The Zernike polynomials
form a complete orthogonal set for the interior of the unit disk B(0,1), see [2, 20, 3]. They can therefore
be normalized to form an orthonormal basis for the space L?(B(0,1)), see Section 4. Let f(r,¢) be
an arbitrary function defined on B(0,1). In terms of the Zernike polynomials given in (1.5), f can be
represented as [28, 3]

oo

f(r, o) = Z Z (Apm cosme + By, sinme) Ry (1) (1.6)
n=0 0<m<n

where

m 1 1 2m m 1 1 27
A = LH/ / f(r, @) cosmoR (r)rdpdr, By, = M/ / f(r, @) sinmoR (r)rdedr,
0 o Jo ™ o Jo
(1.7)
and €, is the Neumann factor:

|1 itm=0,
fm =13 2 otherwise.

An efficient algorithm for calculating the coefficients A, and B, is discussed in [22], see also [14]. An
approximation of f of order (m,n) can then be calculated as

n m
Fo0)=3" 3" (Aijcosjo+ By;sinjo) R (r).
i=0 0<j<i
i—j even
For details on the properties of Zernike polynomials the reader is referred to [20] and [3]. In the context of
opto-mechanical analysis by finite element methods, a Zernike polynomial representation of the surface
distortions is found to be better than by other orthogonal functions [12].
At times it will be convenient to write a product of matrices in a vector and tensor product form.

In such cases, a matrix P of size m X n is represented as a vector of size mn, and written as vec(P).
The tensor product of matrices is denoted by ®. To clarify, let A, B, X, and Y be 2 x 2 matrices and



consider

Y =AXB
v y2| _ fann awz] [z @] [bir bio
or, =
Ys Y4 (@21 a22] |r3 x4 |b21 b2
% [a11b11  ai2bi1 aiibar  aizbar | [71
y2| _ |a21bi1  agebin  asibar  agobor | | T2
or, =
Y3 anbiz  aizbiz  aiibe  ai2b2n x3
Ya _a21b12 a2bi2  azbay  azzba T4
= vec(Y) = (B" ® A)vec(X) (1.8)

The above method of transforming a linear system of matrix unknowns to a linear system involving
a vector of unknowns by means of tensor product (also known as Kronecker product) is well known
(Chapter 4; [13]).

1.3 Outline

The remaining part of the paper is organized as follows. Section 2 discusses the solution of a first
order PDE by using the IOM method with Zernike polynomials, and the accuracy of the method is
shown by means of a specific example. Section 3 discusses the solution of a second order PDE by
using the IOM method with Zernike polynomials. The results of the proposed method are applied to a
particular Laplace equation. Surface plots of the solutions and error estimates are provided for various
orders of approximation. Section 4 provides some results related to the decay of the Zernike coefficients
of functions that are k times continuously differentiable and ones that are Holder continuous. Some
derivations in obtaining the IOMs are given in Section 5, and Section 6 has some concluding remarks
including future directions.

2 Solving first order partial differential equations using inte-
gration operational matrix

A linear first order partial differential equation (FOPDE) in u(z,y) with forcing function f(z,y) has the

general form
ou @

a(x,y)% + B(z,y) a9y +v(z,y)u= f(x,y). (2.1)

In general, getting the analytical solution of (2.1), subject to some boundary conditions, is often not
feasible or too cumbersome. Consequently, one seeks numerical methods to solve such problems. This
section describes such a technique using the integrational operational matrix (IOM) of Zernike polyno-
mials. The technique shown below can be adapted for some given «, 3, . For the sake of demonstration,
we consider the following form of a FOPDE:

ou ou
== - = 2.2
azax+ﬁyay+7u fs (2.2)
where «a, 3, and « are constants. Changing (2.2) to polar coordinates (r, ¢) gives

du

r(acos? ¢ + Bsin? qb)% - (a—,@)sin¢cosq§a¢

+yu = f. (2.3)



Equation (2.3) has to be solved subject to the boundary conditions

U(To, ¢) - h(¢)7
u(r, go) = g(r).

Integrating (2.3) first with respect to r from ry to r and then with respect to ¢ from ¢y to ¢ using
integration by parts and the given boundary conditions gives

¢ [ ¢
ar/ U cos? ¢ d¢+,6’r/ usin2¢d¢)—ro/ h(¢)(acos? ¢ + Bsin’ ¢) dp —

[ r _ r r
/¢ (ac052¢+6sin2¢) {/ udr] d¢7(a2ﬂ) {/ sin2¢u(r,¢)fsin2¢0/ g(r) dr

0 To T0
r )
—2/ / % cos2¢ do dr
To 0

(if-y/(b/;udrd¢=/¢/:fd7”d¢- (24)

To solve for u, matrix representations for the integral operators, the forcing function f, and the unknown
u, in terms of trigonometric and radial parts of Zernike polynomials, are needed. The idea is to write
every term in (2.4) in terms of an integration operational matrix and reduce (2.4) to an algebraic
equation.

Let the trigonometric functions be written as a vector

®(p) = [1, cos ¢, sing, cos2¢, sin2p, ---]T.

For practical purposes, only a finite number of terms of ® can be used. If only terms up to azimuthal
frequency mq are used, then, by an abuse of notation, we shall also denote by ® the resulting vector of
size M =2m + 1, i.e.,

®(p) = [1, cos ¢, sinp, cos2¢, sin2¢p, ---, cosmep, sinme|T,

and

q>(¢) d¢: [(ﬁ—¢0,Sin¢—Sin¢0,—cos¢+cos¢0, 2 2 )

sinm¢ sinme@y cosme L cos maoog ]T
) - y .

m m m m

/¢ sin2¢  sin2¢pg
@

0

In order to express the above integral in matrix form, the ¢ appearing on the right side has to be
expressed in terms of {1, cos¢, sing, cos2¢, sin2¢,...}. To achieve this, we take the Fourier series
expansion of ¢ over [0, 2] which is

¢:w72%smk¢.
k=1



This yields

T—¢o 0 =20 -10-F-- 0 =27 _

—singg 0 1 0 0 0 0O 0 0 cos é

cosgg —1 0 0 0 0 0 0 0 S o
@ —sn2 g 0 0 10 0 0 0 cos 2
/@(aﬁ) dp=| ©20 0 0 -1 00 0 0 0 sin2¢ | = By, ®.
0 . . . . .

_ sinmeo 0 0 0 0 0 0 0 1 cosme

wstitn o g o oo o .. —L o | U0

The radial parts of Zernike polynomials R!?(r) can be written sequentially as an infinite vector as
R(r) = [RY(r), Ri(r), R3(r), R2(r), Ri(r), Ra(r), ..., R™(r),...]", n € NU{0}, 0 <n—m, n—m even.

For a fixed n, the number of radial polynomials of degree less than or equal to n is denoted by N. Thus,
for approximation with radial polynomials with degree up to n, only N elements of the above vector
R(r) are used. As in the case of ®, by an abuse of notation, this is also denoted by R(r) and is given by

R(r) = [Ry(r), Ri(r), R3(r), R3(r), R3(r), R3(r), ..., Ry} (r)]", n € NU{0}, 0 <n —m, n—m even.
The solution u represented in terms of the Zernike polynomials then results in an approximation
u=®"UR, (2.5)

where U contains the coefficients of u with respect to the polynomials up to a chosen degree. To help in
understanding, first consider the first term on the left side of (2.4). This can be written as

¢
ar/ cos? pOTUR do. (2.6)
%o
Take ¢g = 0. Then
¢ 2
[ eos® 6 26) do -
0
-
B 1 1 1 1 —1 -1 =17 COos
2 0 -1 0 -3 0 -5 0 -3 0 -5 0 ma 0 =1 0 57 Sini
oo 323 0o o o & o o 0 o0 0 0 0 0 0 0 c0s 26
£ -5 0 0 0 -5 0 0 0 0 0 0 0 0 0 0 0 sin 26
1 1 1 1 -1 1 -1
/4 0 -3 0 0 0 -5 0 —-3% 0 -55 0 3m-2 0 “3m-p O am cos 3¢
= 0 0o -0 o 0o -%& 0o o0 o0 0 0 0 0 0 0 sin 3¢
o o + o o o Lt o o 0o % 0 0o 0 0 0 0 cos 4¢
= -3 0 0 0 -5 0 0 0 -5 0 0 0 0 0 0 0 sin 4¢
. . ; . cos 5¢
: . sin 5¢
1 1
00 0 0 0O 0O 0 0 © 0 o1 oy O 0 - :
L X1 0 0 0 0 0 0 0 0 0 m 0 0 2m 0 ] COSm¢
L sin me |
B0 (9)



where x1 = ﬁ + m + m in the last row of the matrix,
¢
/0 sin? § B (@) dj =
r 3 1 1 1 —1 —1 =1
2 0 -1 0 -3 0 -3 0 -3 0 -3 0 ma 0 w1 0
0 0 + 0o 0o 0o -4 0 0 0 o0 0 0 0 0 0 0
2 -3 0 0 0 £ 0 0 0 0 O 0 0 0 0 0 0
1 1 1 1 1 1 1 1
-3 0 3 0 5 0 5 0 5§ 0 0 ;= 0 sy O 3m
30 0o - 0o o o & 0o 0o o0 0 0o 0 0 0 0
0 0 -3 0 0 0 £ 0 0 0 —5 0 0 0 0 0 0
=2 1 1 1
2 L 0o 0o o - 0o 0o 0o % o 0 0 0 0 0 0
. . . . . : . . . : : . 7'1 . . 1
00 0 0 0 0 0 0 0 0 0 (1J Ty 0 0  zm
22 0 0 0 0 0 0O 0 0 0 © ey 0 0 0 oo
_ Esin2 b
where zo = ﬁ — m — (ml+2) in the last row of the matrix,
and
¢
/ cos2¢p ®(¢p) dp =
0
- -
cos ¢
0 000 L 0 0 0 0 00-: 0 0 0 0 0 0 ] CS(;:;;
o0 f00 0o %t 0o o0 o00- 0 0O 0 0 0 0 sin 26
11 1
53 000 -5 0 0 0 00: 0 0 0 0 0 0 | cos3p
3 0-10-53 0 -3 0 -5 00 0 “ma 0 =51 0 =5 | | sin3e
£ 0000 0 0 —f 0 00O0- 0 0 0 0 0 0 cos 4¢
. . L. . . . L . . . . . . sin4¢
A A : : : Do : 1 : : M cos 5¢
000000 0 0 0 000 01 i 0 0 0 0 sin 5¢
@3 0 0 0 0 0 0 0 0 00 - —5les 0 0 0 0 0 | :
cos mo
Lsin ma |
where x3 = m + m in the last row of the matrix.

cos ¢
sin ¢
cos 2¢
sin 2¢
cos 3¢
sin 3¢
cos 4o
sin 4¢
cos 5o
sin 5¢

cos mo
| sin me |

__ pcos2¢
= E5”20(¢).

When one considers integrating from some angle ¢y to ¢ instead of from zero to ¢ then the follow-

2
ing adjustments have to be made. The first column of EZ* ¢ changes to
r T 0 _ sin 2¢9 1
%2 i 3¢
3 51;1 b0 — ?20
COS COS
S T
__sin(m—2)¢o sin.quU _ sin(m+42)¢o
4(m—2) 2m 4(m+2)
cos(m—2)¢o 4 cosmeg cos(m+2)do
L 4(m—2) 2m 4(m+2)




cos? ¢ T

and the resulting matrix will be denoted by F Sbo The first column of E;in2 ¢ changes to

sin(m—2)¢o
4(m—2)
cos(m—2)¢o
L 4(m—2)

sin(m+2)¢o
4(m+2)
cos(m+2)po
4(m+2)

__ sinmgo
2m +

cosmepo
2m

+

and the resulting matrix will be denoted by EZ:;’; ¢ The first column of EZ” 2% becomes

- __sin2¢y -
sin 3¢

2 6
__cos ¢g + cos 3¢o

7& o sin420
8

_singo _

__sin(m—2)¢o ’

sin(m+2) g

2(m—2)
cos(m—2)¢o

2(m+2)
cos(m+2)po

2(m—2)

+

2(m+2)

and the resulting matrix will be denoted by E;Zfow. For demonstration purposes, to keep things less
cumbersome, the radial parts of Zernike polynomials up to degree three will be used below, and will be
denoted by the vector R(r).

R(r) = [RY(r), Ri(r), R(r), Ri(r), Ry(r), R3(r)]* =[1, r, 2r* — 1, v, 313 — 2r, 73| . (2.7)
In (2.6), rR(r) can be approximated as
" 010000 1
T 000100 J
rRy) = | 7T O bo o022 S — R, (2.8)
3r4;42r2 8 8 8 _02 8 8 37“375 2r

In (2.8), the higher order terms involving 7% are ignored making the last row of M% equal to zero.
See Remark 2.1 for how to get a better approximation by projecting terms involving r* on the space
generated by R(r). The first two terms of (2.4) can thus be written as ¥

@ [ 5 \NT .2 \T
ar/ wcos® ¢ do + Br/ usin® ¢ dp = a®T (E;‘;SO ¢) UMFELR + pO* (EZ:;O ¢) UMEgR.
b0 0

TIn general, an integration operational matrix will be denoted by E, the subscript indicating the limits of integration
while the superscript indicating the integrand.

Strictly speaking, the resulting matrix representation is an approximation of some integral. However, we will always
use the equality sign to express that the operators on the right side of the equality stand for corresponding integrals on
the left side.



The function h(¢) is expanded in terms of trigonometric functions as
h(¢) =h"®(¢) = ¢(¢)"h,
where h contains the coefficients of A in terms of the functions in ®. Also, r¢ can be expressed as
ro = M, R(r),

where M, is a vector whose first entry is ro and the rest are zero. These expressions for h(¢) and rg
transform the third term in (2.4) to

¢ 2 T 2 T
ro / h()(acos® 6 + Bsin? ¢) d = ad” (E;‘q’; “’) hM? R(r) + ST (E;I;O 4’) hM? R(r).

Using the recurrence relation given in [21] and [22]

1

[ Rz + B )] = o (R ) - R [ (2.9)
ro n—|—1 70
gives
—R}(ro) 1000 0
—%R%(ro 00300
" | =3 [R3(ro) — Ri(ro) — R3(ro)] =30 0 3 —3 _
| By do= Ll 000 8 1 |ROI= B0, 0)
T3 [Ri(ro)*Rg(To)*RfI(ro)] 0 0-100
—1R4(ry) 0000 0

where recall that R3(r) =1, Ri(r) =r, R3(r) = 2r2 — 1, R3(r) = r%, Ri(r) = 3r® — 2r, and R(r) = 3.
Once again, as in (2.8), the higher order terms involving r* are ignored resulting in zeros in the last row
of E,p, in (2.10), see Remark 2.1. Even though the derivation here uses only radial parts of Zernike
polynomials up to degree three, the general expression of the integration operational matrix E,,,, using
all radial polynomials up to some given degree n, is given in Section 5. Using (2.10), the fourth term of
(2.4) is

¢ r o3 r @ r
a/ cosng[/udr} qu:a/ cos2¢/ @TURdrd¢:a/ cos2¢<I>Td¢U/Rdr
0 T0o 0 To 0 T0

_ cos? ¢ T
—a (B *®) UB., R,

and similarly
¢ " sin? T
6 . sin2 ¢ |:/ u d’l”:| d¢ = B (E;¢O ¢¢) UETTOR'
0 To
If sin 2¢® is written as _
sin 2@ = My"**®
then
a—p
2

/ sin 26 u(r, ) dr = / Sin 263 UR dr — " (M§“2¢)T UE,R.

T0 To

10



Expressing g(r) as

gives

Also, sin2¢q can be expressed as
sin 2¢9 = M;iﬂn 2¢0(I)(¢) = (I)(¢)TMsin 2¢0 >
where Mgy 24, is a vector whose first entry is sin 2¢y and the rest are zero. Therefore,

8 sin 2(;50/ g(r) dr = a ; ﬂ(I)TMsin 2608 Erry R(7).
To

In matrix form,
¢
2
/ cos 200 = E55 00,
0

and thus
a—f3
2

r o) T
. 2/ / wcos2¢ do dr = (a — ) ®" (E;‘;S()w) UE.,R.

The last term on the left side of (2.4) becomes, in matrix form,

o ¢ rr $ r
7//udrd¢:'y//‘1>TURdrd¢:’y /<I>Td¢ U(/Rdr)
¢o Jro o Jro ®o To

= Py(Ede)o(b)TUETTOR'
Finally, expressing the forcing function f in terms of the Zernike polynomials as
f=9®"FR,

where F' contains the coefficients of f, the integral on the right side of (2.4) can be written as

¢ r
/ / f dr dgf) = (E¢¢0(I))TFETTOR.
0 0

T

The operator matrices and the corresponding notation are summarized below:

L[] @ d = Eyg,®.

2. [2 cos?p @ dp = E5 ©9.
3. [ sin® ¢ & dop = E ©0.
4. [" R(r) dr = E..,R(r).

11



5. [ cos2 ® dp = E55>"0.

Putting everything together, (2.4) reduces to the algebraic equation

(pT Oé E.Cosz¢ TUMr +B Esin2¢ TUMr — ECOSqu ThMT 75 Esin2¢ ThMT
PPo R PPo R PPo To PPo o

cos? T sin? T o — sin T o —
—Q (E¢¢o ¢) UE’I“TO - B <E¢¢0 d)) UErro - ( 2 ﬁ) (Mq> 2¢) UErro + TﬁMsin 2¢ogTErr0

s2¢\ "
+(a—B) (E;‘;O ¢) UE, s, +vEL, UE} R(r) = ®" B, FE,p, R(r). (2.11)
Equation (2.11) has to be solved for the matrix U to get an approximation of the solution w of the

original PDE (2.3). To solve for U, it is convenient to rewrite (2.11) using the vector and tensor product
representation introduced in (1.8) of Section 1. With this notation, (2.11) becomes

T . T . T sin T
(aMgT ® (E;(;i%) +AME ® (E;‘;02¢) —aEL ® (Eg;;%) — BET, ® (E p %24’)

o — ﬁ sin T Ccos T
BL,© (M) + (o - O)FL, @ (B) + 4L, ® B, )vec(U)

2 Tro

— ET, FE £ ) T o) war — =By TR
= vee | Egpo I Borry + 0 By, ro T B (B o T g Mein2ee8 S
(2.12)
which can be thought of as a linear system
Ax = b, (2.13)

where x = vec(U) is an unknown vector of size M N, b is a known vector also of size M N, and A is
a sparse matrix of order M N. The solution x is then reshaped as an M x N matrix U which gives
the approximate solution a(r, ¢) = ®T(#)UR(r) in (2.5). One can consider solving (2.13) in two ways.
One way is to get the minimum norm least squares solution x = A'b where Af is the standard matrix
pseudo-inverse or Moore-Penrose inverse of A. This pseudo-inverse exists and unique for any matrix.
The solution provided by A'b is a least squares minimum norm solution and is called here the I5 solution.
The other way is to get the minimum /;-norm solution by linear programming using /;-magic [6]. In the
latter case, the problem is formulated as

Minimize |21| 4 - -+ + |zpn| subject to Ax = b.

Remark 2.1. It is important to say a few words on the operational matrices M}, and E,,, in (2.8) and
(2.10), respectively. In obtaining these matrices, all terms of degree greater than n = 3 have been ne-
glected. For the sake of higher accuracy of the solution, these neglected terms can be represented in terms
of the radial polynomials in R(r), see(2.7), by projecting on the space spanned by R(r). Alternatively, a
Lagrange interpolation polynomial can be constructed using R(r) to represent each of the neglected higher
order terms. The calculated coefficients in the representation of these higher order terms can then be
used in the integration operational matriz as explained in connection with (3.7) in the next section.

In the case of the FOPDE in Example 2.2 below, when the projection of higher order terms is not
considered, the solution surface with the l; method is found to be acceptable when compared with the
actual solution but quite distorted with the lo method. It is found that projecting these higher order
terms on the space of lower order radial polynomials yields solutions with higher accuracy in both the Iy
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and ly methods. This method of projection has been used to obtain the results in Example 2.2 that are
shown in Figure 1 although we have not displayed the updated matrices considering the projections in
our calculations above. We have shown this for the case of a second order PDE in Section 3. In the
case of a second order PDE, as discussed in Section 3, this method of projection is found to be crucial
in getting a satisfactory solution.

Example 2.2. Let a = 1, 8 = —1, v =1, and f = €"“?(1 + rcos¢) in (2.2) and (2.3). With this

choice one can proceed to solve the following initial value problem:

T oS 2¢% — sin 2¢%Z§ +u = e"?(1 4 rcos p) (2.14)

subject to the initial conditions

It can be checked by direct substitution that u(r,¢) = e"°°5? is a solution to the above initial value
problem (2.14). By keeping terms of degree at most three in the expansion by Zernike polynomials, an
approximation of the actual solution u(r, ¢) = "¢ is
~ Loy o ls 3 Lo L3 L3
u(r,¢) = 1+rcos¢p+ 57" cos” ¢ + 67“ cos®p=14+rcos¢+ ZT cos 2¢ + ﬂr cos 3¢ + gr cos @
@ (¢)UR(r),

where

3

Il
coocococo
coocoocor o
coocococoo
OO OrI-O Orim
coococooo
oo o cximo

Expanding the forcing function f in terms of the Zernike polynomials, up to an approximation of order
three, gives

3 3 3 3
f(r,¢) = e (1 +rcos¢) =1+ 2rcosp + 17‘2 + 17‘20082(;54— %cosqb—i— %cos?)d)

= oT(¢)FR(r) (2.15)

where

=

Il
DO ODO
DO OO OoON O
SO OO oo O
OO Oklw O Onlw
SO OO OO O
Qwikr O O oOwvi- O
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The other unknowns in (2.11) are the vectors h and g which can be substituted as follows. Let
h"=[1000000].

Then h(¢) = h"®(¢) = 1 as needed. Let
gh=[110104%].

Then
1
”
22 — 1 1 1
g R(r)=[1101021]]:3 Sl g
3r3 — 9r

3

which can be thought of as the approximation of g(r) = e” using terms of degree at most three. These
specific vectors are then used in (2.12) to solve for the unknown U. The minimum least squares solution
using MATLAB is x = psinv(A)y from which converting vector x to matrix U we get

10 0025 0 O

0020 0 —-040
0000 0 O
U=vec2mat(x)= [0 0 0025 0 0],
0000 O0 O
0000 O0 O
0000 O0 O

which in terms of Zernike polynomials is

1 1
u(r,d) =1+ Zrz +0.2r cos ¢ — 0.4(3r3 — 2r) cos ¢ + Z’I"Q cos 2¢

1 6
=1+rcos¢+ Zrz(l + cos2¢) — 57’3 cos @.

Alternatively, using an [ optimization algorithm based on basis pursuit as explained in [6] the solution
matrix for U is

100025 0 O
000 0 —-050
000 O 0 O
U =vec2mat(x)= (000025 0 0],
000 O 0 O
000 O 0 O
000 O 0 O

which gives

1

~ 1 1 3
a(r,d) =1+ 17“2(1 + cos 2¢) 2(37“2 —2rycosp =1+ rcosed+ 17"2(1 + cos2¢) — §T3 cos ¢.

Both of these may be compared with the exact solution mentioned at the start of the example.
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FOPDE surface: 7X6 order |1 approx FOPDE surface: 15X20 order |1 approx

FOPDE contour lines: 7X6 order I1 approx
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Figure 1: FOPDE: Solution surfaces and contour lines.
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FOPDE: log of Error Characteristics

-6.5 — Jog(Minl1)

-7

log(Minl1)

-8

6 9 12 16 20 25 30 36
Order of Approx N

Figure 2: FOPDE solution: log of error curve with Lagrange approximation of higher order terms.

Table 1: Errors in solving FOPDE

Order of Zernike pol. 7 X 6 9 x9 11 x 12 13 x 16 15 x 20 17 x 25 19 x 30 21 x 36
{s-error (order 1074) 783.0700 13.2580 33.1340 24.0200 239.6800 3.1834 187.5100 5.8121
£y-error (order 1074) 14.7180 2.8439 2.7084 2.9555 2.7794 2.7793 2.6274 3.0066

Error estimates Recall that the sizes of ®(¢) and R(r) are M and N, respectively. To study the error
for different orders of approximation, the solution of FOPDE (2.14) has been determined numerically for
the pair (M, N) to be (7,6), (9,9), (11,12), (13,16), (15,20), (17,25), (19,30) and (21,36). The solution
surfaces have then been compared with that generated by the exact solution. To do this, one needs to
solve (2.13): Ax = b. Recall that A is a sparse matrix of order M N, and M = 21 and N = 36 for the
highest order of approximation considered. The surfaces and contour lines for values of (M, N) equal
to (7,6), (15,20) and (21,36) obtained by the minimum /;-norm solution are shown in Figure 1 which
may be compared with the actual solution surface and contour lines, also displayed in Figure 1. The
surfaces provided by the minimum norm least squares solution are much inferior to the minimum /;-norm
solution, and not shown here. The Mean Square Error (MSE) between the actual and the computed
solution is given by the mathematical formula:

mi1 ni

MSE = 13 "% (X (6, ) — Xe(i, )],

where X (x,y) represents the actual solution surface, X.(x,y), the computed surface, and m; x n; are
the number of grid points on the surface. By comparing the minimum /;-norm solution with that of
the minimum norm least squares solution for different orders of approximation it is found that the
minimum /;-norm solution is much superior as can be inferred from Table 1. The log of the error in the
minimum /;-norm solution is shown in Figure 2. In Figure 2, the eight distinct points on the error curves
correspond to the values of (M, N) given at the start of this paragraph. The minimum [/;-norm solution
has less error when the higher order terms are projected on the space of lower degree polynomials by
using Lagrange interpolation, see Remark 2.1.
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3 Solving second order partial differential equations
The general form for a linear second order partial differential equation (SOPDE) is

Pu  Pu | Du
+b +e

ou
922 ooy T o2 Ty,

ou
+a;— ay

Oz

+ apu = f(x,y) (3.1)

where a, b, ¢, a1, az, ag, and f are continuous functions of z and y. Since we are motivated by problems
involving SOPDEs arising in circular regions such as in a refracted wavefront through an optical system,
we shall consider a SOPDE that is invariant under rotations of the coordinate axes about the origin. We
have considered below a rotational invariant second order linear PDE with discontinuous BCs, and this
special type includes Poisson’s PDE appearing in physical systems. In addition to the above mentioned
motivation, this choice is also for the purpose of demonstration. However, it is important to emphasize
that the proposed method can be applied to PDEs that are not rotational invariant such as parabolic
and hyperbolic PDEs, and following the procedure described below one can set up an algebraic equation
as in (3.32) that will lead to the solution of the desired PDE. To demonstrate our method, we shall
consider

A o 9
Au+a<max+y8y> u—&—ﬁ(max +yay)u+7u—f. (3.2)
In polar coordinates r and ¢, equation (3.2) becomes
0%u 1 ou 1 0%u
(1+ON’)62 < (Oé+ﬁ))a+2(w+’}/u=f. (33)

The aim is to solve this SOPDE by integration operational matrix using Zernike polynomials in the
region 0 < r < rg and 0 < ¢ < 27 with the given boundary conditions,

a a b
% —— h(¢), ulr, éo) = p(r), “g;f) $=po

U(TOa ¢) = g(¢)a = q(r)v

where any of the functions may have discontinuities. Multiplying both sides of (3.3) by 72 gives

9%u ou  9%u
82"1'(7“—1—047"3—&-67“ )fu+7+77“2u=7“2f- (3.4)

r2(1 4 ar? ) 952

Integrating twice with respect to r from 7o to 7, the first, third and sixth terms in the left side of (3.4),
which do not contain the parameters a, 5 and -y, one gets

[ =] [rgers [ ] G

= Pu(rd)—rig(e) - 3 / ru(r, ) dr — / 2h(0) dr

o[ s [ [ ot [ ]G
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Again, integrating the above expression with respect to ¢ twice from ¢ to ¢ gives

/%/%ru 6)(dg)” /%/07"09 ¢)(dg)* —3/¢0/¢0/Trur¢drd¢)
/O/O/ rah(¢) dr(de)® /O/O/Trog ) dr(de)?
/450 /¢0/ / (r.9) (dr)*(do)* /4)0 /q50 / a¢2 r)?(dg)>. (3.5)

Expand the solution u(r, ¢) of (3.2) in terms of Zernike polynomials up to some order (m,n) where
n > m and n — m is even. This gives an approximation of u as u(r, ¢) = ®7(¢) U R(r), where ®(¢) is a
matrix of size M x 1, R(r) is of size N x 1, M =2m + 1 and N is the number of radial polynomials of
degree less than or equal to n. Then each term of (3.5) has the following simplifications. The first term
in (3.5) can be written as $

/O /Or u(r, ¢)(de)? / / (@7 (¢)UR(r))(dd)? = ®T ($)ED 4, UME R(r), (3.6)

where M}% is the matrix representation of r*R(r) with respect to R(r), Epggs, is the IOM of double
integration of ®(¢) and is Epggs, = Ej4 , and Epgg,(1,1) = 27%/3. Using radial polynomials up to
order (3,3),

7,,2

X 000 10 0
o 000 00 1| .\
274 — 000-10 0 r?— -2
TQR(T): rd 1000 00 O r2 = Mp R(r). (3.7)
5 _ o8 000 00 2|32 —2r
fjg 2r 000 00 0 .3

As R(r) contains radial polynomials of maximum degree 3, the terms r* and 75 are ignored in the above.
To obtain a better solution, we approximate r* and r® in terms of the set {1,r,r% r®} by Lagrange
interpolation formula with equally spaced nodes (0,1/3,2/3,1) in the interval 0 < r <1 as,

rtox 2t = WP 2 05 x 1(250° - 2007 + 4r), (3.8)
and incorporate them in the IOM representation whenever they are encountered. Then,
4 2 . 4 31,2 3 5 3.4 26,2 | 25.3
2 =1t & gr— Tt 40, 30 =20 = ogr — 2T+ 20

Consequently, in (3.7), we upgrade M}; to

000 10 0O
000 00 1

2 0%0—%04
Mp =020 2
14 _% 25

039 5%

0 5
050-2902

§Strictly speaking, the resulting matrix representation is an approximation of some integral. However, we will always
use the equality sign to express that the operators on the right side of the equality stand for corresponding integrals on
the left side.
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If these higher order terms are completely ignored (instead of considering their projection), then this
approach of solving SOPDE using Zernike polynomials with IOM will fail.
The second term in (3.5) is

/ ) / 709(9)(d)’ / 0 / 2T (0)ar§(ds)” =~ (9)EDys, My R(r),

where g(¢) = ®7(¢)g, is the representation of u(rg, #) = g(¢) in terms of trigonometric functions, and
g is an M x 1 vector. Mrg is an N x 1 vector with first element 73 and others zero. Using Zernike
polynomials up to degree three:

1
!
22 — 1
2 = [1Bo0o000]| 7,2 | = MER().
3r3 — 2r
7.3
The third term in (3.5) is
¢ ro pr
3 [ [ rutnoydr(ao)? = o7 (6)Eb,,U B, B, (39)
0 0 To

where EJ, is the IOM of rR(r) in which powers of r higher than n are included after approximat-
ing in terms of lower powers of r, by the Lagrange interpolation formula with equally spaced nodes
(0,1/3,2/3,1) in the interval 0 < r < 1, as mentioned earlier.

The fourth, fifth, and sixth terms in (3.5) are, respectively,

¢ ro pr
- [, [ permtaras? = —aT@ B hAE B k) (3.10)
/ / / @) o dr(dg)” = ®"(6)EDygo& My, Brry R(T), (3.11)
/(b/¢//u(r,¢)(dr)2(d¢>)2:¢T(¢)E,§¢¢OUEDT-7-OR(T). (3.12)

The seventh term in (3.5) is

[ L] L s o

// (r,6) — u(r, 60)] (dr)? A//

= ®)UEprro R(r) — T (¢)erp” Eprry R(7) (3.13)
_(DT((ZS)E;jl;d)OequEDrTDR(T)v

where e; = [1 0 --- 0]7 is of size M x 1. Inserting the simplifications (3.6)-(3.13) in (3.5), gives

2
" (¢) [Eg¢¢o UMp — Eg¢¢0gM7?é - 3Eg¢¢OU E; ngoh(Mrg)TErm + qu&q&gg(Mro)TEW’o

Tro

+ EbyoyUEDrr, + ImUEDsry — €1 Eprry — Ejy,€1a" Epryy | R(r). (3.14)
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Integrating with respect to r from 7 to r, the second, fourth, and fifth terms in (3.4), which contain the
parameters a and 3, one gets

[ (28 s 0y o 220))

= art Bu(a 9) —arg Bug;: 9) ) + (=3a+pB) /T T?Lu(a?; 9) dr
=t P art () + (30 + B)ru(r, )
(=30 + B)rulro, @) — 3(~3a + B) /Tr u(r, @) dr. (3.15)

Integrating again with respect to r from rq to r gives

| (ar‘* U0 4 (30— B)rbal6) — ar (o) — Ga = B)ru(r, ) +3Ga— ) [ rutr, qs)) dr

or
(3.16)
The first and fourth terms in (3.16) together give
/TO <ar4 Lug; ?) — (3a — B)rdul(r, ¢))) dr
= artu(r,¢) ' — 4o /T ru(r, ¢)dr — (3a — f3) /T r3u(r, ¢) dr
= artu(r,¢) — arg u(ro, ¢) — (Ta — ) /T r3u(r, ¢) dr. (3.17)
Hence, (3.16) takes the form
0¢r4u(7"7 o) — arég(d)) — (Ta — B)/ r3 u(r, @) dr + (3a — B)r 8/ g(o) dr
—a / v () dr + 3(3a — ) / / r2u(r, ) (dr)2. (3.18)

Again, integrating the above expression twice with respect to ¢ from ¢g to ¢,

/0/0 ) (dep)? a/o/orog (dp)? — (Ta — B /O/O/T }) dr (de)*
Ba—p /0/%/Tgrog ) dr (de) —a/%/o/rro ®) dr (dep)*
+3(3a6)/0 / / / r*u(r, ¢) (dr)? (dg)*. (3.19)

Write each term in (3.19) in terms of IOM noting that u(r, ¢) = ®(¢)7 U R(r) and M}S: is the matrix
representation of 74 R(r) with respect to R(r). The first term in (3.19) is

b b ¢ o . 4
« / / rtu(r, ¢) (do)? = a / / " (p)UMp, R(r) (d¢)* = a®” (¢)ED s, UME R(r). (3.20)
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The second term in (3.19) is

¢ ré ¢ ré 4
—o [ [ e @or = —a [ [ 0T @gMER0) (07 = —at” (0) D g MR, (321)

The third term in (3.19) is
¢ ro pr
o) [ [ [ v ute)ar oy

The fourth term in (3.19) is

(3a — ﬂ/o/o/rog ydr (d¢)> = (3a—f /O/O/chT )gM, s R(r) dr (d¢)?

_(Ta—8 /// OT($)U(r*R(r)) dr (dg)?

= —(Ta—B)®7(¢)ED,s, UEL, R(r). (3.22)

7T

= (3a— )T (#)EDyp,8M, 3 Erry R(r). (3.23)
The fifth term in (3.19)
fa/ / / ro h(¢) dr (do)* = fa/ / / " (¢)h M, s R(r) dr (d)?
= —a®"(¢)ED sy WM, s Epry R(r). (3.24)

The sixth term in (3.19) is

3(3a — 5/0/0//rur¢ ) (dr)? (d¢)* = 3(3a — B /O/O//ch &)U r2R(r) (dr)? (dg)?

=3(3a — B)oT (4 )EDMOUEDMOR( 7). (3.25)

Combining the terms (3.20)-(3.25), the term (3.19) takes the form, in terms of IOMs,

Tro

— aEDyp WM s By + (3c = B)(0) ED o U E Dy JR(7). (3.26)

7‘4 T
7 (9)[aBhsg, UMp — By, gMY — (Ta — B)ED s UEL,, + (3a — B)ED g0 &My3 Err,

The last two terms in (3.4) in terms of integration operational matrices after integrating twice with
respect to ¢ from ¢g to ¢ and again twice with respect to r from rg to r, are

/% /¢/ / (o) (@) @) = /: /: / / :<I>T<¢)U(r23<r>>(dr>2 (dg)?

= 4OT($)ED g, UED,, R(r), (3.27)
//// 7 (dg)? = /// / &7 () F(* R(r)) (dr)? (do)?
= )ED¢¢OFED770R( ) (3.28)
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Combining the terms (3.14), (3.26), (3.27), and (3.28), the equation (3.3) finally takes the form

(I’T(¢) [ngo UM; - ngongé - 3Eg¢¢UUE:r0 - qusqsoh(Mrg)TErro

+ BBy 8(My) T Erry + Eb g, UEDrro + InUEDrry — €10" Enyry — By 10" Epyyy + aEbyy UM,
- O‘qubqﬁong:% — (7o = B)ED g, UE:;O + (3o — 5)Eg¢¢0ngg Erry — By, hM, s E,,

+ (30 = B) B UEDrny + VE D UE Dy |R(r) = 7 (9)[E] s, FEpy, | R(1): (3.29)

Based on (3.29), define matrices A and Y as,

A = (ME)" @ Ebyp —3(En)" ® Ebyss + (Eprre)” ® Ebgse + (Eprre)” ® Ly + a(Mp )" ® Eby0,
—(Ta — B)(EL)T @ EDype + (3a = B)(Epyye)T ® BBy + 1 EDe ) EB e (3.30)
Y = Ehys FEp.,, + EbysgMh + By h(M,2) Epy — B g(Myg) T Epry + €10” Epyr,
+E} 4,019 Eprry + 0By, M — (30— B)ED g, &My Epry + @B 5 DM, Erp,y. (3.31)

For Y given in (3.31), define the vector b = vec(Y). Let x = vec(U) be the vector that is unknown.
Using the matrix A in (3.30), (3.29) can be written as

Ax =b. (3.32)

Therefore, the solution of the PDE in (3.2) can be found by solving a system of linear equations given by
(3.32) in which A is a sparse matrix of order M N. The solution x, an M N x 1 matrix, is then reshaped
as an M x N matrix U which gives w(r, ¢) = ®X(¢)UR(r), an approximate solution of (3.2).

For the Laplace equation, « = = v = 0, and also F' = 0. In this case (3.30) and (3.31) simplify to,
respectively,

2
A=(Mp)" ® EDgg, — 3(Efy,)" © EDgg, + (Eprry)” ® Epgg, + (Eprr)” @ I, (3.33)
Y = ED s, 8Mp + Ebyy 0(M,2) Erry — By, &(Myy)" Eprg + 19" Eprry + Efy,e1a" Eprry. (3.34)
To demonstrate the accuracy of this method, in Example 3.1 below, the corresponding linear equation
obtained in (3.32) is solved in two ways . In one the standard matrix pseudo-inverse of A is used, in

which case x = Afb, and in the other an l;-optimization algorithm is used. Both have been implemented
using Matlab.

Example 3.1 (Numerical Solution of a Second Order PDE). Consider the second order PDE,

0%u ou  O%u
207U ou  oTu
T 2 +7r " + 5 = 0, (3.35)
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Table 2: Density of the sparse matrix A

Order of Zernike pol. | Order of A | Non-zero elements in A | Sparsity of A

M x N MN x MN x x/M?*N?
7TX6 42 x 42 502 0.2846
9x9 81 x 81 1275 0.1943

11 x 12 132 x 132 2680 0.1538

13 x 16 208 x 208 5102 0.1179

15 x 20 300 x 300 8745 0.0972

17 x 25 425 x 425 14306 0.0792

19 x 30 570 x 570 22009 0.0677

21 x 36 756 x 756 33048 0.0578

in a circular region of radius a subject to the boundary conditions (BCs)

0 = = { I 12358
_ Ou(r9)| Vo
M) = or |,._, masing’
p(r) = u(r,¢o) =Vo {; + %tan_l M} ;
") = Au(r, ) ’ _ Vo 2arcosgo(a® —1?)
arr = 00 | sy, o (a2 —72)2 +4a2r?sin® ¢

This is a Laplace equation in polar coordinates and appears in determining the potential distribution in
a horizontal cylindrical region with axial symmetry when the upper half is maintained at a potential
and the lower half at zero potential. Without any loss of generality, assume that Vo = 1, rp = a = 1,
and ¢g = 0. So, the BCs in terms of the Zernike polynomials are,

90) = ulred) =5+ 23 T~ gTa0)

1=

h(g) = &‘g;j A % Y sin(2i + 1)¢ = h"®(9),
=70 i=0
p(r) = u(r,¢0) = 3 = p" R(r),
_ Oulr9) _ T Th
i) = RO = = TR

where p = [300000---]7, q=2[010001---]", g =2[x/4010001/3---]7, and h =
2001000 1---]7. With the above BCs, the solution of the Laplace equation (3.35) is obtained
numerically using (3.33) and (3.34) for values (7,6), (9,9), (11,12), (13,16), (15,20), (17,25), (19,30) and
(21,36) of the pair (M, N). The Zernike polynomial based solution is compared with the exact solution
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Table 3: Errors in solving SOPDE

Order of Zernike pol. 7 X6 9 x 9 11 x 12 13 x 16 15 x 20 17 x 25 19 x 30 | 21 x 36
£o-error (order 1074) 17.1369 | 15.9970 11.6488 7.3285 4.5292 7.4972 5.0259 8.3604
£y-error (order 10’4) 14.9311 14.9311 7.3285 7.3285 4.4431 4.4431 3.0503 3.0499

and the errors are listed in Table 3 for [; as well as l; methods, the [-errors being much lower. It appears
from Figure 5 that the error decreases exponentially with the increase of ZRP degrees. The solution
surfaces and their contour lines for only three values (7,6), (15,20), and (21,36) of (M, N) are shown in
Figures 3-4 for the Zernike polynomial based solutions, along with the solution by the product method,
and the exact Poisson integral solution from where one can compare the different solutions. The eight
distinct points on the error curve in Figure 5 correspond to the values of (M, N) as mentioned above.
It appears that among the approximate solutions, the I; method is better, and the accuracy improves
with higher order terms. The proposed method compares favorably with the exact solution particularly
if (M,N) = (21,36). To justify the use of an [j-algorithm for sparse solutions, the sparsity, i.e. the
density of the sparse matrix A defined as the number of non-zero elements in A is computed, and these
densities corresponding to the order of the Zernike polynomials used are shown in Table 2. We reiterate
that if the higher order terms are not approximated by projecting on the space spanned by the lower
order terms, the solution in this second order case is nowhere near the true solution.

Computational complexity Recall that n denotes the maximum degree of radial polynomials used.
To compute the Zernike coefficients of the forcing function f, the cost of computation is O(n?), see [4].
In (2.12) and (3.29), the number of operations mainly comes from calculating the tensor product which
is O(n*). However, it is important to note that the matrices obtained from the tensor products in (2.12)
or after (3.29) have to be computed just once and thereafter the same matrices can be used to solve
different problems with other boundary conditions. The linear system Ax = b, where A is a sparse
matrix, can be efficiently solved using an /;-minimization algorithm.

4 Rate of decay of Zernike coefficients

Recall from Section 1 that the coefficients in a Zernike expansion as given in (1.6) are

B em(n + 1) 1 27 -
A = =L [ f0,0) cosmoRy g,

1 2m
Bpm = 6m(7;+ 1)/0 /0 f(r,¢) sinmo Ry (r)rdpdr.

The rate of decay of the A,,,s and B,,,s will be calculated here for certain types of functions. These
are given in Theorem 4.1 and Theorem 4.3 below.
Define the inner product on the unit disk as

o= | 1 / 7 Fr 8 0)  dr do.
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SOPDE surface with 7x6 order |1 approx. SOPDE surface with 7x6 order 2 approx.

-1 -08 -06 -04 -0.2 0 0.2 0.4 0.6 0.8 -1 -08 -06 -04 -0.2 0 0.2 0.4 0.6 0.8

Figure 3: SOPDE Solution: Solution surface and contour lines.
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SOPDE surface with 21x36 order 11 approx. SOPDE surface with 21x36 order 12 approx.

-08 -06 -04 -0.2 0 0.2 0.4 0.6 0.8
x

SOPDE analytical sol: surface plot

-1 -08 -06 -04 -0.2 0 0.2 0.4 0.6 0.8 -1 -08 -06 -04 -0.2 0 0.2 0.4 0.6 0.8
X X

Figure 4: SOPDE Solution: Solution surface and contour lines.
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SOPDE log of Error Characteristics

-6.5 ° ——log(Minl1 Error)
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Order of Approximation N

Figure 5: SOPDE Solution: log of error curve.

1 27
- 2
11 \// | i v ardo.
eur . m sin mao
{ egm }'_ {R” (r) cos mao }

1 (5 ,
/0 Rn (T) n’ = 2”"’2

The associated norm is

Define

As given in [20] and [3]

which means

1
Rm 2 — .
1B = 5=
As discussed in [20, 3], the set { eg?n } forms an orthogonal basis for the space of square integrable

functions in the unit disk. Since fo%r d¢ = 2, fo% sin? m¢ d¢ = m, and fo% cos’m¢ dp = 7, one can
normalize to get the following orthonormal basis for the space of square integrable functions in the unit

disk
) D) i 2 2
5 (Y2 2y e Y U )

V2T n=0,2,4,...
which can be rewritten more compactly as

1<m<n
n—m even

em(n+1) . sinm¢ | [ °U
LR g § = U Jreane

n—m even

B:=

Any f(r,¢) defined on the unit disk can be expanded as

Frg) = " > [f(re). UM Ur + (f(r,0).” UM°UT]. (4.1)
n=0 0<m<n
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On comparing (4.1) with (1.6) and (1.7), note that

Anm = <f(ra ¢)’e HZ}% Bﬂm = <f(7’, ¢)7o H?>

are the coefficients of f with respect to the Zernike polynomial basis. They will be referred to as the
Zernike coefficients of f. Define the Nth partial sum as

Snf(r.é): Z > W o) UnUr + (f(r,6),° Up)Un] .-

n=0 0<m<n
n—m even

Let Py be the space spanned by Zernike polynomials of radial degree at most N, i.e.,

Py = { p(r, ) ST e U+ e U
(e

Then Sy f is a polynomial in Py. Since B forms an orthonormal basis, by property of orthonormal sets,
Sy f is the polynomial of best approximation to f among all polynomials in Py which means that for
any polynomial p € Py one has

If =pll = I = SN/l

with equality holding if and only of p = Sy f. By virtue of B being an orthonormal basis, Parseval’s
Identity also holds

2= > (@) U P + [, 0).2 U

n=0 0<m<n
n—m even

which in turn gives the Riemann-Lebesgue Lemma in this case:

lim |(f(r,¢)," U0 = lim |(f(r,¢),"U;")] = 0. (4.2)

m,n—oo m,n— 0o

In certain cases, the rate of decay of the coefficients in (4.2) can be obtained as follows.

Denote by C¥(B(0,1)) the space of functions defined on the unit disk B(0,1) whose kth order partial
derivatives all exist and are continuous on B(0,1). For convenience, we shall sometimes write C*.
Suppose that u(r,¢) € C?. Then

_ €m (n + 1) ! °r imeo pm
Com = B /0 /0 u(r, p)e" PR (r)r dodr
_ en(n+1) /1 {u(r, o)™ 2r 1 [T Qu(r, p)

- . i/ 9 e | Ryt (r)r dr

0 m
2
= Z;M/ / W lmd)Rm( )’I‘ dgf)d’l" (SIHCG U(T 271_) . u(r 0))

1 em(n+1) o 82 oimé pm
- im T ( zm)/ / a¢2 ¢Rn (7“)7‘ dpdr (4.3)
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where in the last step we have used the fact that 8“ (7, 0) = (r 2m). The integral on the right side of
(4.3) will yield the Zernike coefficients of o u(r ¢) Denotmg thls by c

Coun = M <_'1>207’7'm

™ m

one can write

which decays at the rate of m~2. Note that m and n tend to infinity at the same rate. In general, one
has the following Theorem 4.1.

Theorem 4.1. Let u(r, ¢) € C*. Then the Zernike coefficients A, Bnm of u decay at the rate of m=*

Definition 4.2. A function u: U — R is said to be Hélder continuous of order X\ if for all x,y € U
u(z) —u(y)| < Clle —y|*

for some constants A and C, where ||.|| is the metric on U.

Theorem 4.3. Let u(r,¢) be Holder continuous of order X > 1. Then the Zernike coefficients Anm,

B of u decay at least like m™ 1,
Proof. Consider
1 27
Co = D) / / ulr, )™ R™ (1) (r)r do dr. (4.4)

m o Jo

Rewriting (4.4) gives
1 2
o, = 7€m(n+ 1) / / ulr, ¢)€im¢ein$(T)r do dr
T 0o Jo

- 1 1 2m )
_w// u(r, )e™ T/ R (1Y de dr

1 27r+7r/m )
(n+ / / ya—m/m)e™ R (r)r do dr

1) m .
_m(nt1) / / u(r, 0 — w/m)e"™ Ry (r)r da dr. (4.5)
m 0o Jo

Adding (4.4) and (4.5) gives

Cnm = % /(;1 A2w [U(Tv d)) - U,(T, (b - 7-‘-/nﬂb)] eim¢R:1n(T)r d¢dr

AN

1 27
or, (G| < D / / fu(r, 8) — u(r, ¢ — 7 /m)| |RT ()] deb dr

- Cem(n+1 m //%mm Y| do dr
- Cem(n—l—l)(;) / R (r)r| dr

T\ ’
< Centn+1) ()"
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where the last inequality follows from the fact that |RI*(r)r| < 1, since |[R7(r)] <1 and 0 <7 <1, see
[22]. Looking at the real and imaginary parts of C,, gives the desired result. Note that m and n tend
to infinity at the same rate. O

5 Appendix

To derive the IOM for the radial parts of Zernike polynomials, the recurrence relation stated in (2.9)
will be used. For convenience, this is again provided below.
1

)+ Rr)] = — (R o) - B o)) |

(5.1)

If all radial polynomials up to degree n are used then the basis vector for the radial parts of Zernike
polynomials is

R(r) = [RY(r), Ri(r), RY(r), R3(r), R3(r), R3(r), ..., R™(r)], n € NU{0}, 0 < n—m, n—m even. (5.2)

n

Let i be the degree of a radial polynomial, and let p; denote the total number of polynomials of degree
i. Due to the special structure of the radial polynomials as described in (1.4) of Section 1, the value of
p; is determined as follows. For a given non-negative integer ¢, the value of p; is the number of integers

j for which i — j is even and non negative. For ¢ = 0,1,...,n, let A;;1 be the p; X p; matrix with ones
along the diagonal and also above the main diagonal, and zeros elsewhere. That is,
110 ---0
011 -0
AVERIES o
00--- 11
00--- 0 1],,.
whose inverse is
1 —1 (fl)prl
01 —-1--- (71)]0«;*2
A=
00 -1 -1
00 -+ 0 1

Pi Xpi
Let E,1 be a block diagonal matrix of the form

Ay
Ay
E’rl -
An-‘,—l
Denote f:o R(r) dr by Eyr,. Then from (5.1) one can write
ErlErro = Lr2.

The structure of the matrix E,; has been described above. The matrix E,o is a block matrix of order
n + 1, n being the degree of R (r). Each block in E,9 is a submatrix I'y; and can be represented as

E,o = [T'y]
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where I'; 11 j41 is of size p; x p;. For example, let n = 5. Then E,» is a 6 x 6 block matrix where all the
blocks are null matrices except for the following:

—[_R! Ll _ 1 _ [—35[R4(ro) — Ri(ro)] _[-3
P11 = [=Ri(ro)], 'z = [1], Tor = [~ 5 Ra(ro)], I'os = 0 3]s = C1R3 ) e
£ 0 —1[R3(ro) — R3(ro)] 0 —1 0 1 0
_ |3 7 4 \"0 2\"0 4 4
F34—[0 ;]’F‘“ [ “1R(r) },F43—{0 0}71145—{0 0 }1],
— 5[ (r0) — Ri(ro)] -5 0 5 00
[s1 = |—5[R3(ro) — R3(ro)] | ,Tsa= | 0 —1|.I'ss= 1[0 & 0},
—+R3(ro) 0 0 0 0 £
—%[Rg(ro)—RZ(To)] 0 -5 0
To1 = | —5[R4(ro) — Ri(ro)]| .Tes = [0 0 —5
—+RE(ro) 0 0 O

For 0 < m < n, if one wants to form the integration operational matrix of f:;) R (r) dr from (5.1) using
only radial polynomials up to degree n, then usually the terms of higher degree are neglected. When n
is odd, then for the integrals

f;; R(r) dr, f’f:) R 2(r) dr, ..., f; RL(r) dr,
the terms
ar i), SRR - B0 aglRa () - Rl () + e+ (-1 = Ry
are neglected, respectively. On the other hand, when n is even, then for the integrals
T n T n—
Jo, Ba(r) dr, [ R 2(rydr, ..., fm RO ) dr,
the terms,
niﬁfﬁﬂ( r),  arrlBaii(r) —Rp0] s g Ra () = Bh i (r) 4 4 (-1) Ry

are neglected, respectively. In compact form, when one wishes to use only radial polynomials up to

degree n to evaluate
.
/ R'2(r) dr
o

(R = Ry o+ (C)'RYT ()] L d

then one neglects
1

n+1

where
. 0,1,...,"7_1 when n is odd,
i= .
0,1,...,2 5 when n is even.
For better accuracy of results, these neglected terms of degree greater than n can then be represented

in terms of the radial polynomials appearing in R(r) of (5.2) as mentioned in Remark 2.1.

6 Conclusion

It is established in this paper that numerical solutions of partial differential equations in circular re-
gions can be successfully done using Zernike polynomials and IOMs which can otherwise be challenging
using other orthogonal polynomials. In comparison, using multidimensional block pulse functions and
OSOMRI (one shot operational matrix for repeated integrations), with extensive computations, it was
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found earlier in [23] that solutions of second order PDEs do not promise numerical stability in all cases.
In solving the second order PDE by Zernike polynomials of a particular order (m,n), if the terms of
order higher than n are neglected in deriving operational matrices, the obtained solution is far from the
actual one. By including these higher order terms as projections on the space generated by the lower
order terms (see (3.8)), the solution of the second order PDE is comparable with the true solution, and
accuracy in the first order case is vastly improved.

In solving PDEs using IOM and block pulse functions, simple recursive methods could be developed in
[23] due to the disjoint nature of the block pulse functions. Unfortunately, this cannot be done with other
orthogonal polynomials extensively used in [10] including the ones used here. The integration operational
matrices for double integration, Ep,, and Fpge,, are computed as Ezr(, and Eg , Tespectively, however,
this leads to an accumulation of errors at each stage of the integration process. This can be improved
by developing the IOM in the final stage known as OSOMRI as developed in [23]. However, the effort
does not seem worthwhile because the improvement occurs in the higher order of decimal places and in
many practical cases the solution without OSOMRI may serve the purpose. Another thing to note is
that the second order PDEs solved here have boundary conditions that are discontinuous at two points
on the circle. Due to these discontinuities, the solution shows oscillations known as Gibbs-Wilbraham
phenomenon as is evident from the discontinuity of the contour lines of IOM solutions in contrast with
those of the exact analytical solution in Figure 4. In Example 3.1, a Laplace equation is solved with
discontinuous Dirichlet and Neumann BCs, and as these discontinuous functions cannot be defined at
some of the Chebyshev or Gauss-Lobatto points, the much acclaimed pseudo-spectral methods are not
directly applicable to such problems. For the purpose of demonstration of our method, examples selected
are simple in nature.

Our prime objective is to highlight how Zernike polynomials can be directly applied to solve PDEs
with discontinuous boundary conditions. There are other methods to numerically solve PDEs as outlined
in Section 1 and depending on the context and situation of the physical problems one may select an
appropriate method for which the proposed approach is offered here as a potential candidate.

An extremely important problem for future investigation is the parameter estimation of distributed
parameter systems that is a challenging research area for control system engineers. In this regard,
another promising area of future research is to use Zernike polynomials in rectangular coordinates to
solve PDEs with rectangular boundaries and conversely to estimate the parameters in such regions if
the input and the response are known.
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