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Abstract This paper investigates the numerical solution of the 1-D Helmholtz equation via
the new wavelet-Galerkin method (NWGM). The numerical solution of the Helmholtz equation
is very expensive if attempted by traditional discretization methods (finite difference method,
Galerkin method). The proposed scheme is rather simple than the existing ones, the power
of this technique is illustrated by comparing numerical solutions with the exact solution. The
solutions presented here are comparably good and give higher accuracy than the Haar wavelet
collocation method (HWCM) with an exact solution by increasing the resolution level.

1 Introduction

Many of the science and engineering problems can be modeled mathematically as a boundary
value problem. Thus, it is very important to build a method to solve a boundary value problem.
For some simple boundary value problems, it may be possible to solve it analytically by sep-
aration of variables. However, in most applications, boundary value problems are much more
complex and there are no available analytical methods. For this reason, some of the numerical
methods such as finite differences, finite elements and multigrid are used for the solution. The
wavelet method, however, offers several advantages over traditional methods. Wavelet analysis
is a newly developed numerical concept which permits one to represent a function in terms of a
set of basis functions, called as wavelets, which are localized in space. We can expect numerical
methods based on wavelet bases to be able to attain good spatial and spectral resolutions. Re-
cently so many efforts have been put into developing the techniques based on the properties of
wavelet bases introduced in the 1980s by Stromberg and Meyer.

Nowadays, the ideas of thoughtful wavelets were provided by Daubechies, Mallat, and others
[1-3]. The number of applications where the wavelets have been used has been found in the lit-
erature. Various types of wavelet functions have existed since from many years. The Daubechies
family of wavelets will be reflected due to their useful properties. Since the contribution of or-
thogonal bases of compactly supported wavelet by Daubechies [2] and multiresolution analysis
based fast wavelet transform algorithm by Beylkin et al. [4], wavelet based approximation of dif-
ferential equations gained momentum in an attractive way. Wavelets have the ability to represent
the solutions in different levels of resolutions, which make them generally useful for emerging
hierarchical solutions in science and engineering problems.

In the approximations theory, wavelet based Galerkin method is the furthermost recurrently used
technique nowadays. Daubechies wavelets based Galerkin method to solve certain differential
equations requires a computational domain of modest nature. This tremendous work has been
done by many researchers, for example, see reference [5-9]. Yet there is difficulty in dealing
with connection coefficients for different scales. In order to demonstrate the wavelet technique
i.e a new wavelet-Galerkin method (NWGM), we consider the one dimensional Helmholtz’s
equation. By comparison with a Haar wavelet (simple wavelet but not continuous) collocation
method (HWCM) [10-15] solution to this problem, we show how a wavelet technique may be
efficiently developed.
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The present paper is organized as follows. Section 2 highlights the Daubechies wavelets. The
method of solution is presented in section 3. Section 4 deals with the implementation of the test
problem. Finally, concluding remarks of the proposed work are discussed in section 5.

2 Daubechies wavelets

Wavelets are a family of orthonormal functions which are characterized by the translation and
dilation of a single function. Daubechies wavelets are compactly supported functions introduced
by Daubechies [2]. This means that they have non zero values within a finite interval and have a
zero value everywhere else. That’s why it is useful for representing the solution of a differential
equation. They are orthonormal bases for functions in L?(R). The construction of wavelet
functions starts from building the scaling or dilation function, ¢(z) and a set of coefficients
hi , k € Z, which satisfies the two-scale relation or refinement equation,

L—1
$(x) =) hrp(2z — k) 2.1
k=0

where L denotes the order of the Daubechies wavelet. The associated wavelet function is given
by

L—1
Y(x) = gro(2z — k) 2.2)
=0

where gy, = (—1)*h_1_; and [ ¢(z)dz = 1.

The translation and dilations of the scaling function ¢(2”x — k) or the wavelet function (27 x —
k) form a complete and orthogonal basis.

The wavelet basis induces a multiresolution analysis (MRA) [3] on L?(R), i.e. the decomposition
of the Hilbert space L?(R) into a chain of closed subspaces

-CcVaocVoyocVWwevicV, - (2.3)
such that
U Vv =1*R) (2.4)
and
Vs ={0} 2.5)
By defining W ;as an orthogonal complement of V; in V4,
Vii=V;eW; (2.6)

The space L?(R) is represented as a direct sum of W;’s as
L*(R) = oW, (2.7)

On each fixed scale J(> 0), the wavelets {1 (z) =27/2¢(272 — k), k € Z}form an or-
thonormal basis of W and the functions { ¢, x(z) = 2//2¢(27x — k), k € Z} form an orthonor-
mal basis of V;. The set of spaces Vj is called a multiresolution analysis of L?(R), these
spaces will be used to approximate the solutions of differential equations using the new wavelet-
Galerkin method.

3 Method of solution

The Russian engineer V. I. Galerkin had developed a projection method based on weak form in
which a set of test functions are selected such that residual of the differential equation becomes
orthogonal to test functions [16, 17].

If the base functions in the Galerkin method are wavelets, then it is called the wavelet-
Galerkin method (WGM). Here, we have proposed the new wavelet-Galerkin method, which
has advantages over the classical WGM in terms of time consumption that is; we applied the
method instead of finding the connection coefficients.
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Theorem 3.1. [18] Let Vy, J € Z be a given MRA with scaling function ¢ and P; f is a projec-
tion of f € L*(R) onto V; so that

Pif=> a2"?¢(27x k)
K

Then for sufficiently large J, ¢, = 277/2f(k277) with [¢(x)dx =1.
Here, we develop an NWGM is followed by the basics of finite difference scheme.

Lemma 3.2. For an unknown function u(z) and large J € Z_, then

n—1
1 .
(n) _1\n+itln ;
u'(z) = h" ;1( 1) Civ1u(z + th).
Proof. For small h = %, finite difference discretizations of the unknown functionu(z) is as
follows,
’LL/(.’E) — ’LL(SIJ) _ U((E _ h)7
h
h)—2 —h
u”(l’) — u(x + ) ";L(zx) + u(a: )7

and so on upto nt" difference, we have

un(x) _ u(a:-‘r(nfl)h)f"C]u(a:-‘r(n72)h)+"C2'L;,L(na:+(n73)h)+ 4+ "Ch_u(z)—u(z—h)

= h% ;:11(_1)n+i+lnci+1 u(z + ih).

Method of solution:
Consider n'" order ODE

ZA,, uP(z) = F(z), a<z<b, 3.1

where A, is the constant/variable coefficient and F'(x) is a polynomial of any degree in z.
Let the solution u(x) of the problem be approximated by its J* level wavelet series on the
interval (a, b), i.e.

u(z) = e2’?¢(27x — k) (3.2)
k
Using the above lemma, we have

W) = 5 5 (DD T2 (2 e+ 4~ )

i=—

—1
= hip pz (le)(_l)pﬂ#l Zk Ck2'1/2¢(2J$ +i— k) : (3.3)

= hp Z (1+1)( )p_H-HZ Cl+i d)k

Substituting Eqn. (3.3) in (3.1), we get

n 1 p—1 .
Z Ap ﬁ Z (Z f 1) (_1)p+z+1 Z Ck+i ¢k = F(ZL') (34)
p=0 ] 1 k

By taking an inner product with ¢,,,, we get

p—1
ZAP w2 (wp 1)(‘1>’”““ck+i = G(a), (3.5)

where G(z) = [, F(z)¢mdz.
Solving the system (3 5), for the coefficients c. By substituting these coefficients in Eqn. (3.2),
we get the required solution of a given differential equation.
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4 Numerical implementation

Here we consider the 1-D Helmholtz equation and present the numerical results by varying the
wavenumber /3, which shows the applicability of the method.
Test problem: Now consider the problem,

5

o Thu=1 4.1)

where u = u(z), f = f(x) and § is a wave number with respect to boundary conditions «(0) =
a,u(1) = b. The implementation of the Eqn. (4.1) as per the method explained in section 3, is
as follows:

Here A, =1, Ag = Band F(z) = 0, having boundary conditions %(0) = 1,u(1) = 0. The

( =0,
exact equation is u(x) = cos (\/Ba:) cot(v/B) sin(v/Bx).
For sufficiently large J, co = (u, o) = 277/%u(0), cos = (u, ¢pps) = 277/2u(1) for k =
0, k=27 and
e =277k /27) (4.2)

Let us assume,
8 2+1+1
12 h2 Z (H— ) Ch+i 4.3)

—1

0 ;
u= ;} (2 N 1>(1> e (4.4)

Substituting Eqns. (4.3) and (4.4) in Eqn. (4.1), we get a system of algebraic equations

7 0 7
hz Z (Z+ ) D e + 5 Z (z+l> 1) e =0 (4.5)

Now, we have a system of 2/ — 1 equations with 27 — 1 unknown coefficients. We obtain the coef-
ficients ¢ by solving Eqn. (4.5) i. e for J=4 & 3 = —2, c= {2.2515e-01, 2.0225e-01, 1.8111e-01,
1.6155e-01, 1.4341e-01, 1.2652e-01, 1.1076e-01, 9.5989¢-02, 8.2081e-02, 6.8922e-02, 5.6405¢-
02, 4.4427e-02, 3.2889%-02, 2.1698e-02, 1.0764e-02}. Substitute these coefficients in Eqn.
(4.2), we get the required numerical solution, the results are presented in the following fig-
ures for different values of /3, which show the nature of the problem. Table 1 presents the error
analysis of the problem for different 3. The errors are computed by E,,,,, = max |u. — ug/|, and

— 2 . .
Ernms = max (\/ Z'“N““l> where u, and u, are exact and approximate solutions respec-
tively.
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Figure 1. Comparison of numerical solutions with the exact solution for J=6 of the problem for
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Figure 2. Comparison of numerical solutions with the exact solution for J=5 of the problem for

B=—1.

Figure 3. Comparison of numerical solutions with the exact solution for J=6 of the problem for
B =—0.5.
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Figure 4. Comparison of numerical solutions with the exact solution for J=6 of the problem for
8=0.5.
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Figure 5. Comparison of numerical solutions with the exact solution for J=6 of the problem for

B=1.

Figure 6. Comparison of numerical solutions with the exact solution for J=6 of the problem for

B =2.

Table 1. Error analysis of the Test problem for different 3.

5 Conclusions

In this paper, we have proposed a new wavelet-Galerkin method for the numerical solution of
the 1-D Helmholtz equation. Here we obtained the numerical results for different values of 3
and are presented in figures and table. From the figures we have seen that, the solution nature of
the problem slightly changes from concave to convex as the values of Slies in [-2, 2]. From the
table, we conclude that the proposed technique has superconvergence in the above said values
of 8 especially in [-0.5, 0.5] than the existing ones. In order to obtain the solution of ODEs
using the usual WGM, one can need to find the connection coefficients for the preferred scale.
Whereas the method presented here is, to obtain comparable results with exact solutions in low
CPU time than existing ones. Hence, the proposed scheme is a powerful technique for the fast
and accurate solution of differential equations.
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J N=2 | g=-2

E’maz ER]WS

NWGM HWCM NWGM HWCM
3 8 2.6107e-02 3.0299¢-02 9.8674e-03 1.0712e-02
4 16 1.2795e-02 3.0302¢-02 3.3037e-03 7.5755e-03
5 32 6.3105¢-03 3.0501e-02 1.1334e-03 5.3918¢-03
6 64 3.1386e-03 3.0518e-02 3.9543e-04 3.8148e-03
7 128 1.5647¢-03 3.0522¢-02 1.3884¢-04 2.6978e-03
8 256 7.8124e-04 3.0523e-02 4.8923¢-05 1.9077e-03
9 512 3.9034¢-04 3.0523e-02 1.7268¢-05 1.3490e-03
10 1024 1.9510e-04 - 6.0999¢-06 -
8=—1
3 8 1.4271e-02 1.5924e-02 5.3940e-03 5.6300e-03
4 16 7.0195¢-03 1.6230e-02 1.8124e-03 4.0574e-03
5 32 3.4917¢-03 1.6213e-02 6.2712e-04 2.8660e-03
6 64 1.7402e-03 1.6247¢-02 2.1925¢-04 2.0309¢e-03
7 128 8.6887¢-04 1.6254e-02 7.7099¢-05 1.4367¢-03
8 256 4.3410e-04 1.6255¢-02 2.7184e-05 1.0159¢-03
9 512 2.1697¢-04 - 9.5981e-06 -
10 1024 1.0846e-04 - 3.3912e-06 -
8=—-0.5
3 8 7.4653e-03 8.1506e-03 2.8216e-03 2.8817¢-03
4 16 3.7000e-03 8.3946¢-03 9.5533e-04 2.0986¢-03
5 32 1.8431e-03 8.4287e-03 3.3103e-04 1.4900e-03
6 64 9.2036e-04 8.4256e-03 1.1595¢-04 1.0532¢-03
7 128 4.5983e-04 8.4305e-03 4.0803e-05 7.4516e-04
8 256 2.2983e-04 8.4317e-03 1.4392¢-05 5.2698e-04
9 512 1.1489¢-04 - 5.0825¢e-06 -
10 1024 5.7440e-05 - 1.7959¢-06 -
8=05
3 8 8.1773¢-03 8.9600e-03 3.0907e-03 3.1678e-03
4 16 4.1304¢-03 9.1789¢-03 1.0665¢-03 2.2947¢-03
5 32 2.0741e-03 9.2098e-03 3.7252e-04 1.6281e-03
6 64 1.0395¢-03 9. 2099¢-03 1.3096e-04 1.1512¢-03
7 128 5.2023e-04 9. 2099¢-03 4.6163¢-05 1.1512¢-03
8 256 2.6024e-04 9. 2137e-03 1.6297¢-05 8.1438¢-04
9 512 1.3015e-04 9. 2143e-03 5.7573e-06 5.7589¢-04
10 1024 6.5080¢e-05 - 2.0348¢-06 -
B=1
3 8 1.7118e-02 1.9162¢-02 6.4702¢-03 6.7748e-03
4 16 8.7494¢-03 1.9413e-02 2.2591e-03 4.8533e-03
5 32 4.4230e-03 1.9428e-02 7.9439¢-04 3.4343e-03
6 64 2.2208e-03 1.9454e-02 2.7980e-04 2.4317e-03
7 128 1.1126e-03 1.9457¢-02 9.8731e-05 1.7197¢-03
8 256 5.5685e-04 1.9457e-02 3.4871e-05 1.2161e-03
9 512 2.7855e-04 - 1.2322¢-05 -
10 1024 1.3931e-04 - 4.3555e-06 -
B=2
3 8 3.7471e-02 4.4029¢-02 1.4163e-02 1.5566e-02
4 16 1.9912¢-02 4.4335¢-02 5.1412¢-03 1.1084¢-02
5 32 1.0162¢-02 4.4519¢-02 1.8251e-03 7.8700e-03
6 64 5.1296e-03 4.4519¢-02 6.4627e-04 5.5648e-03
7 128 2.5761e-03 4.4541e-02 2.2859¢-04 3.9369¢-03
8 256 1.2907¢-03 4.4546e-02 8.0826e-05 2.7841e-03
9 512 6.4600e-04 - 2.8577e-05 -
10 1024 3.2316e-04 - 1.0104e-05 -




NWGM for solution of Helmholtz equation 739

support to research. M. H. Kantli, acknowledges thanks to the Principal and BGMIT College
Management for their encouragement and support.

References

(1]

(2]
(3]
(4]

(3]

(6]

(7]

(8]

(9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

Daubechies 1., Orthonormal bases of compactly supported wavelets, Commun. Pure Appl. Math.,
41(1988), 909-996.

Daubechies 1., Ten lectures on wavelets. CBMS-NSF Ser. Appl. Math., 61. Philadelphia: SIAM, 1992.
Mallat, S., Multiresolution approximation and wavelets, Trans. Amer. Math. Soc., 315(1989), 69-88.

Beylkin, G., Coifman, R. and Rokhlin, V., Fast Wavelet Transfermation and Numerical Algorithm, Comm.
Pure Applied Math., 44 (1991), 141-183.

Latto, A., Resnikoff, H. L and Tenenbaum, E., The Evaluation of connection coefficients of compactly
Supported Wavelet: in proceedings of the French-USA Workshop on Wavelet and Turbulence, Princeton,
New York, Springer- Verlag, June, (1992).

Xu, J. C., and Shann, W. C., Wavelet-Galerkin Methods for Two-point Boundary Value Problems, Num.
Math. Eng. 37(1994), 2703-2716.

Williams, J. R., and Amaratunga, K., Wavelet Based Green’s Function Approach to 2D PDEs, Engg.
Comput. 10 (1993), 349-367.

Williams, J. R., and Amaratunga, K., High Order wavelet Extrapolation Schemes for Initial Problems
and Boundary Value Problems, July 1994, IESL Tech. Rep., No. 94-07, Intelligent Engineering Systems
Laboratory, MIT.

Amaratunga, K. and William, J. R., Wavelet-Galerkin Solutions for One dimensional Partial Differential
Equations, Inter. J. Num. Meth. Eng. 37 (1994), 2703-2716.

Bujurke, N. M., Salimath, C. S., Shiralashetti, S. C., Numerical solution of stiff systems from nonlinear
dynamics using single-term Haar wavelet series. Nonlinear Dyn. 51 (2008), 595-605.

Bujurke, N. M., Salimath, C. S., Shiralashetti, S. C., Computation of eigenvalues and solutions of regular
Sturm-Liouville problems using Haar wavelets, ] Comput. Appl. Math. 219 (2008), 90-101.

Bujurke, N. M., Shiralashetti, S. C., Salimath, C. S., An application of single-term Haar wavelet series in
the solution of nonlinear oscillator equations, J Comput. Appl. Math. 227 (2009), 234-244.

Shiralashetti, S. C., Deshi, A. B., An efficient Haar wavelet collocation method for the numerical solution
of multi-term fractional differential equations, Nonlinear Dyn 83 (2016), 293-303.

Shiralashetti, S. C., Deshi, A. B., Mutalik Desai, P. B., Haar wavelet collocation method for the numerical
solution of singular initial value problems, Ain Shams Engg. J., 7 (2016), 663-670.

Shiralashetti, S. C., Kantli, M. H., Deshi, A. B., Haar wavelet based numerical solution of nonlinear
differential equations arising in fluid dynamics, International Journal of Computational Materials Science
and Engineering, 5(2) (2016) 1650010 1-13.

Besora, J., Galerkin Wavelet Method for Global Waves in 1D, Master Thesis, Royal Inst. of Tech. Sweden,
2004.

Mishra, V. and Sabina, Wavelet Galerkin Solutions of Ordinary Differential Equations, Int. J1. of Math.
Analysis, 5(9), (2011), 407-424.

Boggess A. and Narcowich, F. J., A first course in wavelets with Fourier analysis, New Jersey: John Wiley
and Sons, 2009.

Author information

S. C. Shiralashetti', M. H. Kantli?, A. B. Deshi®, ' Department of Mathematics, Karnatak University, Dharwad,
India-580003

*Department of Mathematics, BVV’s BGMIT, Mudhol, India-587313

3 Department of Mathematics, KLECET, Chikodi, India-591201, India.

E-mail: shiralashettisc@gmail.com, mkantli@gmail.com, aravind42d@gmail.com

Received: December 05, 2019
Accepted: March 14, 2020



	1 Introduction
	2 Daubechies wavelets
	3 Method of solution
	4 Numerical implementation
	5 Conclusions

