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Abstract: Problem statement: Not all differential equations can be solved analytically, to overcome 
this problem, there is need to search for an accurate approximate solution. Approach: The objective of 
this study was to find an accurate approximation technique (scheme) for solving linear differential 
equations. By exploiting the Trigonometric identity property of the Chebyshev polynomial, we 
developed a numerical scheme referred to as the pseudo-pseudo-spectral method. Results: With the 
scheme developed, we were able to obtain approximate solution for certain linear differential 
equations. Conclusion: The numerical scheme developed in this study competes favorably with 
solutions obtained with standard and well known spectral methods. We presented numerical examples 
to validate our results and claim. 
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INTRODUCTION 

The fundamental problem of approximation of a 
function by interpolation on an interval paved way for 
the spectral methods which are found to be successful 
for the numerical solution of ordinary and partial 
differential equations. Spectral representations of 
analytic studies of differential equations have been in 
used since the days of Fourier. Their application to 
Numerical solution of ordinary differential equations 
refers, at least to the time of ~anczos [ '~ l .  Summary of 
survey of some applications is given inL8]. Some present 
spectral methods can also be traced back to the 
"'method of weighted residuals"' of Finlayson and 
scrivenI6]. 

Spectral methods can be viewed as an extreme 
development of the class of discretization scheme 'for 
differential equations known as the Method of 
Weighted Residuals (MWR)~~] .  In MWR, the use of 
approximating functions (called trial functions) is 
central. These functions are used as basis functions for 
a truncated series expansion of the solution. Another 
function called the test functions (also known as the 
weight functions) are used to ensure that the differential 
equation is satisfied as close as possible by the 
truncated series expansion. Among the spectral 
schemes the three most commonly used are the Tau, 
Galerkin and coIlocation (also called pseudo-spectral) 
methods. What distinguishes between these methods is 
the choice of the test functions employed. Galerkin and 

Tau method are implemented in terms of the expansion 
 coefficient^[^], whereas collocation methods are 
implemented in terms of physical space values of 
unknown function. Over the past two decades, spectral 
methods with their current forms appeared as attractive 
ways in most applications. Some more details on 
spectral methods could be seen in[9."-131. 

The basic idea of spectral methods to solve 
differential equations is to expand the solution function 
as a finite series of very smooth basis functions, as 
given below: 

where, represents Chebyshev or Legendre . 

polynomials[141 (for more on Chebyshev polynomials). 

If y E cm[a, b] , the error produced by the approximation 

approaches zero with exponential rate[41 as N becomes 
too large (tends to infinity). This phenomenon is 
referred to as 'spectral accuracy[81. The accuracy of the 
derivative obtained by direct term-by-term 
differentiation of such truncated expansion naturally 
 deteriorate^[^], but for low-order derivatives and 
sufficiently high-order truncations this deterioration is 
negligible, compared to the restrictions in accuracy 
introduced by typical difference approximations. 

Id2] andU3], the researchers focused on differential 
equations in which one of the coefficient function or 
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solution function is not analytic on the interval of 
definition. Weak aspect of spectral methods in solving 
this kind of problems were studied inc2] andc3] and the 
researchers came up with modifications to the spectral 
method which proved to be more efficient when 
compared with existing ones. 

In this article, we present a variation of the 
collocation ( seudo-s ectral) method to solve the 
problems o&] andc3! The pseudo-pseudo-spectml 
method (the method introduced in this article) is seen to 
be efficient and competes favorable with other well- 

Tau and the pseudo-spectral methods for numerical 
solution of second order linear differential equations to 
compare the result with pseudo-pseudo-spectral 
method. 

We need to state here that this discussion can be 
extended to the general problem of the form (2) and (3). 
Consider the following differential equation: 

known standard methods like the Tau method, Galerkin 
Method and the Pseudo-spectral (collocation) method. With the pseudo-pseudo-spectral method, we 

suppose that the approximate solution of the Eq. 6 is 

MATERIALS AND METHODS given by: 

N 
Pseudo-pseudo-spectral method: Consider the yN (x) = 1 'akTk (x) 
following differential equation: I ~ = O  

where, f,, i = O,l,. ..m f, are known functions of x, D' is 
the order of differentiation with respect to the 
independent variable x, T is a linear functional of rank 
Nand K E C " .  

Here (3) can either be initial, boundary or mixed 
conditions. To solve the above class of equations using 
the spectral method is to expand the solution function y, 
in (2) and (3) as a finite series of very smooth functions 
in the form below: 

instead of (4) for an arbitrary natural number N, where 
(2) - a = (ao,a,,...,aN)T EU N + I  is the constant coefficients 

vector and ( T , ( x ) } ~  is the sequence of Chebyshev 

polynomials of the first kind. The prime denotes that 
the first term in the expansion is halved. 

In this method, as against the use of a function 
V(x) as in the standard Tau method and the Pseudo- 
spectral method['.3271 , we instead of using the 
Chebyshev polynomial as a polynomial we exploit the 
trigonometric property of Chebyshev function. 

Let: 

N 

yN(x)  = C a k T k ( x )  
L=[) 

(4) be the approximate solution for the Eq. 6 ,  as a solution 
it must satisfy the equation. 

Recall the definition of a Chebyshev polynomial: 
where, {T,(X)}; is the sequence of Chebyshev 

polynomials of the first kind. Replacing y by yN in (3) Tk (x) = cos(k cos-'(x)) 
the residual is defined as: 

Let: 
rN(x)= L~~ -f (5) 

0 = cos-' x, 3 x = cose 
The main target and objective in spectral method is 

to minimize rN as much as possible with regard to (3). Then: 
The implementation of the spectral methods leads to a 
system of linear equations with N+l equations in N+l T, (x)  = T, (0) = cos k0 

unknowns %,a,,. . . , a ~  
Here we present a variation (pseudo) of one of the Using the identity defined above, (8) becomes: 

three ~~ectra l 'methods  called coliocatioh (also known 
as pseudo-spectral) method. We call this method a y(,) = 5 ,,,kg 
pseudo-pseudo-spectral method. Also, we use both the k = ~  
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The first and second derivatives of (9) are Relation (15) form a system with two equations 
respectively given as: and N+l unknowns, to construct the remaining N-1 

equations we Collocate (13) at the zeros of TN-,(x), 

(10) 
which are the interior points between -1 and 1 and are 

(2k - 1)i~ 
given as 0, = --- , k = 1 ,..., N - 1 , which is in great 

N-1 

- ksinkOcos0-k2cosk0sin0 variance to the Tau Method, the Galerkin method and 
Y'(x) = C'a,( 

L =O sin3 0 
) (1 1) the Pseudo-spectral method. 

The system obtained here solves for the 
coefficients. 

Substituting (9-1 1) into the equation (6) with the 
functions P, Q, R and S expressed in terms of 0 we 
have: 

RESULTS 

- I Here we consider some ordinary differential 
P ( 0 ) t  ,a, ( ksin k0cosO- k2cos kOsin8 equations with Tau Method, Pseudo-spectral method 

L = O  sin3 0 and the Pseudo-pseudo-spectral method and present our 

ksin k0 results in Table-7. 
+G[O)$ L = O  ,ak (=) (12) As notations, we represent the approximations with 

the Tau method, Pseudo-spectral method and the 
+~(e )$ ,a ,  coso = ~ ( 0 )  0 .[-.,.I, - - -  

L=O Pseudo-pseudo-spectral method as y,, yp, ypp 
- - 
Y(-.) = a, Y(X) = B respectively. 

Numerical experiments: We shall consider the 
(13) following problems: 

Problem 1: 
Simplifying Eq. 1 1, we have: 

y "(x) + xy'(x) + y = xcosx, y(-1) = sin(-]), y(l) = sin(1) 

m, (01 = ~ ( 0 1 2  ( ksin kOcos0 - k2 coskOsin0 
L=O sin3 0 1 (14) with the exact solution y(x) = sin x. 

k sin k0 
+ ~ ( 0 ) 9 a ,  ,=, (-) sine + R ( O ) ~ ' ~ ,  c o S ~  Table I: Maximum error of approximation of problem 1 

k = O  

N IIYCX)- Y , ( x ) I I ,  [ I Y ( x )  - Ypm(x)Ilm 

If we impose the associated conditions on (14), we 2.1 IXIO-~  1.98x10-~ 
have: 8 5 .71~10 -~  4 . 5 6 ~  lo-' 

16 1.1 IXIO-'~ 5.55x10-" 

Table 2: Maximum error of approximation of problem 2 
- N N 

y(1) = P 3 'a,T,(l) = 'a,(l)' = P N I ~ Y ( x ) -  Y , ( x ) I I ,  \ I Y ( x ) -  YP(x)IIa I ~ Y ( X ) -  Y p P ( ~ ) ~ ~ ~  
k - 0  k-0 

5 5x10-' 2 . 0 9 ~  
15 2x104 3 . 3 3 ~  lo-l6 

SO: 16 8x10-' 1 . 67~  10-l6 

18 4x 1 O-I9 

(a0 30 5x10-' 
95 8x10-~ 

Table 3: Maximum error of approximation of problem 3 

8 3.13~10" 3.24x10-~ 3 . 2 0 ~  
11 6.40x10-~ 2.52xl0-" 5.14x10-" 

k a ~  / 16 3.92x10-~ 3.50x10-~~ 6 . 6 6 ~  

138 
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Table 4: Maximum error of approximation of problem 4 

N I\Y(X)- y,(x)II, I~Y(x) - yP(x)llm [IY(x)- ywcx,II, 

8 8.98xIO-' 1.21~10-' 1 . 2 0 ~  10-I 
15 1.54x10-~ 1 . 7 6 ~  lo-' 1.38x10-~ 
20 1 .68~10-~ 1 . 9 2 ~  lo-' 1 .50~10-~  

Table 5: Maximum error of approximation of problem 5 

Table 6: Maximum error of approximation of problem 6 

pJ I~YCX) - Y,(x)II, I~YCX) -yP.(x)ll, I ~ Y ( ~ ) - Y ~ ( X ) I I _  

Table 7: Maximum error of approximation of problem 7 

N I~YCX) -Y,(X)I~, I ~ Y ( X ) - Y ~ ( ~ ) I I ,  IIYC~)-Y~P.(~)II ,  

5 3.26~10-' 5 . 9 9 ~  10-I 1.84~10-' 

Problem 2: 

with the exact solution 2h - 
(8  1~') ' 

Problem 3: 

with the exact solution y(x) = exp(x). 

Problem 4: 

with the exact solution y(x) = exp(x)lx31 . 

Problem 5: 

1 1 
y "(x) + exp(-)y '(x) = 6x + x3 + 3x2exp(-), 

X X 

with the exact solution y(x) = x3 

Problem 6: 

with the exact solution y(x)  = xlxl . 

Problem 7: 

with the exact solution y(x) = 1x1 . 

DISCUSSION 

Problem 1 was taken I ? O ~ [ ~ ] .  This problem was 
solved with Runge-Kutta of different orders and a 
maximum error of 3.0~10-I were recorded. It was also 
solved with Tau method and the method described in 
this study with N = 5, 8, 16. The maximum error 
produced for these two methods for the various N is 
shown in the Table 1. Table 1 shows the power of 
spectral methods over Runge-Kutta. 

Problem 2 was taken I?om[ll. It was solved by 
extrapolation method with maximum error of lo-'. It was 
solved in[31 by Tau method for different values of N. 
Here we solved it by the pseudo-pseudo-spectral method 
for different values of N as in the Tau method off3], the 
maximum error for the two methods is shown in Table 2. 

From Table 2 it could be seen that as N increases, 
the rate of improvement is very low with the Tau 
method. Pseudo-spectral method which was the subject 
of13] produced a maximum error of 4x 1 0-l9 with N = 18 
as against 1 . 6 7 ~  1 0-I6of the pseudo-pseudo-spectral 
method. This shows that both the pseudo-spectral and 
the pseudo-pseudo-spectral methods are more 
successfUl than the Tau method. 

139 
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Problem 3 was chosen fromf2]. It was solved with 
the method described in this article and the error 
produced for various N is shown in the Table 3 with the 
maximum error produced when the problem was solved 
by the Tau method and Pseudo-s ectral method ofI3I. 

Problem 4 was taken fromK1. The problem has a 
non analytic solution function which makes accompany 
error indispensable. 

We applied our method to the problem, the error 
produced by the method as well as the error produced 
when it was solved with the Tau method and Pseudo- 
spectral method offjl is shown in Table 4. 

Problem 5 was chosen When the problem 
is solved using the Tau method and the pseudo-spectral. 
method in['], the methods failed and a modified pseudo- 
spectral (mps) method which was the subject of the 
article was used to solve the problem and the maximum 
error produced in['] for the problem is shown in the 
Table 5 with the error produced by the method of this 
article. This method performs better than the modified 
method of13]. 

Problem 6 was also from[31. We tested our method 
on this problem with different values of $N$, the results 
are shown in Table 6. 

From the Table 6 it could be seen that the pseudo- 
pseudo-spectral method is performing considerably 
well in the class of spectral methods. 
Problem was 7 chosen fromL3]. The results for various 
values of N are shown in Table 7. 

The results displayed in the Table 7 show the 
power of the pseudo-pseudo-spectral method over the 
Tau and the pseudo-spectral methods. 

CONCLUSION 

The pseudo-pseudo-spectral method of this article 
is seen to be efficient and competes favorable with 
other well-known standard methods like the Tau 
method, Galerkin Method and the Pseudo-spectral 
(collocation) methods. 

One major advantage with this method is that it 
does not require a tedious means of-evaluating the 
unknown coefficients of the approximating function as 
in other spectral methods. 

The method is easy to program and require 
moderately less of computer time to evaluate. 

It is also seen to be suitable for any class of linear 
differential equations with or without analytical 
solutions. 
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