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Abstract This paper surveys and reviews papers of spline solution of singular bound-
ary value problems. Among a number of numerical methods used to solve two-point
singular boundary value problems, spline methods provide an efficient tool. Tech-
niques collected in this paper include cubic splines, non-polynomial splines, para-
metric splines, B-splines and TAGE method.
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1 Introduction

Consider a second-order linear differential equation

po(x)y"(x) + p1(x)y'(x) + p2(x)y(x) =0 (1)

where po, p1 and p; are analytic at some point x = ag. Such a point is said to be
ordinary point if pg(ag) 7 0 and that the solution of (1) can be represented by a
power series in powers of (x — ag). If po(ap) =0, ag is called a singular point of (1).
In such a case rewriting equation in the form

Y + Pr(x)y'(x) + P2(x)y(x) =0 @)
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where P;(x) = p;i(x)/po(x),i =1, 2. We see that the coefficients Py (x), P>(x) fail to
be analytic at x = ap. Singularities are divided into two kinds; regular singular points
and irregular singular points. The point x = ag is said to be regular singular point,
if (x — ag)P1(x) and (x — ag)? P>(x) are analytic at ag; otherwise it is an irregular
singularity.

Some classes of linear and non-linear singular boundary value problems (BVPs)
considered by different authors are

Y+ f(x)y +8(x)=h(x), a<x=<b:ya)=a, y(b)=4, A3)
x Y)Y = fx,u), O0<x<1:u0)=A, u(l)=B8, 4)
y”(x)—l—%y’(x):f(x,y), y'(0)=0, y(1)=8. (5)

These types of singular boundary value problems for ordinary differential equa-
tions arise very frequently in several areas of sciences and engineering such as analy-
sis of heat conduction through a solid with heat generation, Thomas—Fermi model in
atomic physics and in the study of generalized axially symmetric potentials after sep-
aration of variables. These problems also occur very frequently in the study of electro
hydrodynamics and the theory of thermal explosions. These also arise in physiology
for the study of various tumor problems, the study of steady states oxygen diffusion in
a spherical cell with Michaelis—Menten uptake kinetics and the study of heat sources
distribution in human head.

Keeping in view such a wide scope of singular boundary value problems, these
have been studied by several authors. Albasiny and Hoskins [5, 6] have obtained
spline solutions by solving a set of equations with a tridiagonal matrix of coeffi-
cients. Bickley [8] has considered the use of cubic spline for solving linear two point
boundary value problems. Fyfe [26] discussed the application of deferred corrections
to the method suggested by Bickley, by considering linear boundary value problems.
For « € (0, 1), (4) has been extensively discussed. In the linear case, Jamet [35] con-
sidered a standard three-point finite difference scheme with uniform mesh and has
shown that the error is O (h!~*) in maximum norm. Schreiber [65] considered the
application of splines to the self-adjoint equation; again the function f was assumed
to be linear. Ciarlet et al. [21] considered the application of Rayleigh—Ritz—Galerkin
method and improved Jamet’s result by showing that the error is O (22~%) in uniform
mesh for their Galerkin approximation. Gustafsson [32] gave a numerical method for
the linear problem by representing the solution as a series expansion on a subinterval
near the singularity and using the difference method for the remaining interval. Also,
they constructed a Compact second and fourth-order scheme. Reddien [59], Reddien
and Schumaker [60] considered the collocation method and the projection method for
singular two-point boundary value problems and studied the existence, uniqueness
and convergence rates of these methods. Doedel and Reddien [23] considered high-
order finite difference methods for (4) where f is linear. Chawla and Katti [16, 17]
constructed three kinds of finite difference methods and showed that these methods
are O (h?) convergent. In [19], using cubic spline, a new numerical O (h4)—c0nvergent
method was constructed. In [34] the construction of spline finite difference method
is discussed and proved to be O(hz)—convergent. Han [30, 31] considered Richard-
son’s extrapolation of spline approximation, correction of finite difference solution
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and spline approximation solution. In [15] Chawla et al. obtained a method for the
singular two-point boundary value problem (1) based on a uniform mesh and showed
that under quite general condition, their method provided O (h?) convergent approxi-
mation for all « > 1. El-Gebeily et al. [1, 2, 25] considered a finite difference method
for the solution of a general class of singular two-point boundary value problems, and
obtained the rate of convergence of the method in the uniform norm. Related liter-
ature can also be found in [10, 15, 18, 22, 24, 27, 33, 50, 53, 62, 63] and references
therein.

In comparison with the finite difference methods, spline solution has its own ad-
vantages. For example, once the solution has been computed the information required
for spline interpolation between mesh points is available. This is particularly impor-
tant when the solution of boundary value problem is required at various locations in
the interval [a, b]. Theory of splines can be found in detail in [4, 9] and [45].

The present paper contains a survey on spline solutions of singular boundary value
problems. It is arranged as follows. In Sect. 2, a survey of papers using splines (mainly
cubic spline) to solve singular boundary value problems is given. In Sect. 3, a brief
review on B-spline papers is developed. The papers included in Sect. 4 use TAGE
method. In each section papers are arranged chronologically so that one can under-
stand step by step development.

2 Spline solution of singular boundary value problems

F. Natterer [49] defines the boundary value problem of a first order singular system in
such a way that the system can be interpreted as a Fredholm operator in some Banach
space, and a-priori-estimates for functions belonging to the domain of this operator
are proved. In the paper, the space of generalized vector valued spline functions is
also defined and its interpolation properties are investigated. The finite dimensional
approximating problems are then introduced by a projection method. The paper also
contains the convergence proof. It is shown that for suitable non-uniform partitions,
the convergence is—up to logarithmic terms—as fast as in the regular case.

In [65] R. Schreiber, basically analyses several finite element methods for singular
two-point boundary value problems

—(x°uY +qu=f, O<x<1whereo €l0,1) 6)

and appropriate boundary conditions are imposed. The solution can be approximated
by splines on a non-uniform mesh. Error bounds of optimal order are proved, and up-
per and lower bounds on the extent to which the mesh must be graded are obtained.
Author also considers approximating the solution by functions of the form x =% s(x),
where s(x) is a spline. Error bounds and numerical results for these weighted splines
indicate that they are very efficient. For a third space, known error bounds are im-
proved by using a mildly graded mesh.

Kadalbajoo and Raman in [39] have considered a second order linear differential
equation

Ly(x)=y"+ f(x)y' +gx)=h(x), a<x<b (7
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s.t. y(a) = o and y(b) = B; where the coefficient functions f(x) and g(x) may not
be analytic at x = a. To remove the singularity at the point x = a, authors used series
expansion in a small interval near x = a so that (7) has a solution of the form

YX) =@ —a)" Y bylx —a)", by #0. 8)

n=0

The authors solve a regular boundary value problem over a reduced interval excluding
singular point and match the solution to the expansion. Next, cubic spline procedure
is developed for discretizing the resulting regular problem with step size h. After
straightforward but long calculations, a three term recurrence relation is obtained.
In order to solve this resulting difference system method of Invariant Imbedding is
then used. Stability of the recurrence relation is also being established. Lastly two
numerical examples are solved.

Remark 1 We notice that the test examples considered in the paper have also been
treated in an earlier paper [41]. While solving regular singular boundary value prob-
lems in that paper, a continuous form of Invariant Imbedding has been employed,
after removing the singularity, to reduce the resulting boundary value problem to
initial value problems in ordinary differential equations, which have been solved by
the Runge—Kutta—Fehlberg scheme with step size control. In the present study, au-
thors use cubic spline approximation, after treating the singularity separately, and
develop discrete Invariant Imbedding algorithm for the solution of the resulting alge-
braic problem. Since it is sometimes misleading to compare the results obtained by
fixed step size routines to that obtained by variable step size initial value software,
authors have solved the initial value problems for ODEs obtained in an earlier pa-
per [41] by a fixed step routine based on the Runge—Kutta—Gill method. It can be
checked from the analytical solution that the results obtained by the present method
are much more accurate than the results obtained by fixed step size routine (Runge—
Kutta—Gill method) for the initial value ODEs in [40]. Also an advantage of this
method is that the coefficient matrix of the system is tridigonal and the method has
an order of convergence O (hz).

In [34] Iyengar and Jain consider the class of singular two point boundary value
problem

x Yy = f(x,u), O0<x<l1 9)

s.t. u(0) = A, u(1) = B or u’(0) =0, u(1) = B. Authors construct splines and the
three point finite difference methods using these splines for the solution of (9) in
different cases: « € (0, 1), « =0, @ = 1 (cylindrical case) and o = 2 (spherical case).
Convergence of the spline difference methods and numerical examples are given.

Remark 2 These schemes are of O (k%) under appropriate conditions. The advantage
of the spline approximation is that (9) may be solved with a particular step length
h and the intermediate values, if required, can be computed using the spline. It is
shown through numerical computations that these spline solutions are of the same
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accuracy as the two neighbouring finite difference ones. The numerical results show
that the methods are robust and the spline gives good approximation at the interme-
diate points.

M.M. Chawla and R. Subramanian, H.L. Sathi in [20] described two methods for
the solution of (weakly) singular two-point boundary-value problems:

XTI = f(x,y), 0<x<1:y0)=A, y1)=B. (10)

Consider the uniform mesh x; = ih, h = 1/N, i =0,..., N. Define the linear
functionals L;(y) = y(x;) and M;(y) = (x"*(x*y))x=x;. In both these methods
a piecewise ‘spline’ solution is obtained in the form S(x) = S;(x), x € [x;—1, xi],
i =1,..., N, where in each subinterval §;(x) is in the linear span of some set of
(non-polynomial) basis functions in the representation of the solution y(x) of the
two-point boundary value problem and satisfies the interpolation conditions:

Li—1(S)=Li-1(y), Li(S)=L;(y), an
M;—1(S) = M;—1(y), M;(S) = M;(y).
By definition S and x~*(x%*s’)’ € C[0, 1]. Conditions of continuity are derived to
ensure that x%s” € C[0, 1]. It follows that the unknown parameters y; and M; (y), i =
1,..., N — 1, must satisfy conditions of the form:

1 1 1 1
— i + (71 + 7 >yi ARG +kii—tMi—1 + kii Mi + ki i1 M4 =(102.)

The first method consists in replacing M;(y) by f(x,y) and solving (12) to ob-
tain the values y;; this method is a generalization of the idea of Bickley [8] for
the case of (weakly) singular two-point boundary-value problems and provides order
h? uniformly convergent approximations over [0, 1]. As a modification of the above
method, in the second one authors generate the solution y;, at the nodal points by
adapting the fourth-order method of Chawla [14] and then use the conditions of con-
tinuity (12) to obtain the corresponding smooth approximations for M; (y) needed for
the construction of the spline solution. The second-order and the fourth-order meth-
ods are illustrated computationally.

In [28, 29] Han Guogqiang discussed the constructions of three-point finite-
difference approximation and a spline approximation for a class of singular two-point
boundary value problems:

x Y)Y = f(x,u), O0<x<l1 (13)

s.t. u(0T) =0, u(1) = A, a > 1. The asymptotic error expansions of the numerical
solutions of these problems are obtained. From these asymptotic error expansions
we find that the finite-difference solution and the spline approximation solution ap-
proximate the exact solution from two sides. So we can obtain correct solution of
high-order accuracy. Richardson’s extrapolation can also be done and the accuracy of
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numerical solution can be improved greatly. The numerical results show the fourth-
order convergences of the correct solution, extrapolation solution of spline approxi-
mation and extrapolation solution of finite-difference.

In [51], R.K. Pandey considers a class of singular two-point boundary value prob-
lems arising in physiology. The convergence of a spline method for singular BVPs
has been established. The results obtained using this method are better than using
the usual finite difference method with the same number of knots. Also this method
produces a spline function which may be used to obtain the solution at any point in
the range, whereas the finite difference methods only give the solution at the chosen
knots.

In [44], the class of two-point singular boundary value problems of the form

x Y%y = f(x,u), O0<x<l1 (14)

s.t. u(0) = A, u(l) = B, o € (0, 1) has been considered and a spline and the three
point finite difference method based on non-uniform mesh for the solution of given
problem is constructed. Method is illustrated by two numerical examples.

Remark 3 The given scheme is second order convergent under appropriate condi-
tions. The numerical results show that the method is robust and the spline gives good
approximation at the intermediate points. The author in his later paper [43] discusses
the construction of five point finite difference method using the splines. The new
method obtained is shown to be order A* convergent for all « € (0, 1). In [42] the
author again explains higher order method for singular boundary value problems by
using spline function and results obtained for non-uniform mesh.

Kadalbajoo and Vivek Agrawal in [36], have considered a second order linear
differential equation

W' +p@u +q(x)u=rx), a<x<b (15)

subject to boundary conditions u#(a) = o and u(b) = B where the coefficient func-
tions p(x) and g (x) fail to be analytic at x = a. In order to remove the singularity at
the point x = a for the given problem, authors use series expansion in a neighborhood
of x = a; Then, cubic spline procedure is developed for discretizing the resulting reg-
ular problem. Authors described a procedure producing an equal interval spline for
use as an interpolating spline over the whole range § < x < b. The spline will give re-
sults to a prescribed accuracy at any point in the range and will involve the minimum
convenient number of knots consistent with such accuracy. The choice of interval is
determined by two separate considerations. First, one must ensure that the values at
the knots are determined to sufficient accuracy. Secondly, assuming that the values at
the knots are correct, the interpolation error at interval points of any interval is suffi-
ciently small. These two requirements are not necessarily related although it is often
found that when the second condition is satisfied the first will also hold.

Remark 4 An advantage of the method is that the coefficient matrix of the system is
of the Hessenberg form, and the method has an order of convergence O (h*), where
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h is the step size. While solving regular singular BVPs in [40], a continuous form of
invariant imbedding has been employed, after removing the singularity, to reduce the
resulting boundary value problem to initial value problems in ordinary defferential
equations, which have been solved by the Runge—Kutta—Fehlberg scheme with step
size control. Authors also used cubic spline approximation for the given problem,
after treating the singularity separately, without using invariant imbedding concept.
It can be checked from the analytical solution that the results obtained by the method
are much more accurate than the results obtained by fixed step size routine (Runge—
Kutta—Gill method) for the initial value ODEs in [40]. The superiority of the solutions
obtained by the method is again evident here as compared to the solutions obtained
by Jamet [35] and Reddien [59].

A.S.V. Ravi Kanth and Y.N. Reddy [58], considered the class of singular two-point
BVPs

y'(x)+ gy/(x) +b(x)y(x)=c(x), O<x<l,
Y(0)=0 and y(l)=48.

Since x = 0 is singular point, the above equation is modified at it. By L’Hospital rule,
the given BVP is transformed into

(16)

Y'(x) + p()y'(x) + q(x)y(x) =r(x),

a7
Y'(0)=0 and y(1)=§,

where p(x),g(x)and r(x) are defined appropriately. Then authors give the cubic
spline S(x) interpolating the function y(x) at the chosen grid points. Ahlberg et al. [4]
have shown that if the function y(x) € C 410, 1], then the Spline function S(x) approx-
imates y(x) at all points in [0, 1] to fourth order in # (Prenter [52]). By employing
spline on modified BVP (17), we get (n + 1) equations with (n + 1) unknowns. The
matrix problem associated here is a tridiagonal algebraic system whose solution can
easily be determined by an efficient algorithm called Thomas algorithm. Authors
have used the method with four examples; a homogeneous singular boundary value
problem, and three non-homogeneous singular boundary value problems, and have
tabulated the numerical results as well as the exact solutions. The tables show that
the method approximates the exact solution very well.

Remark 5 Authors have described and demonstrated the applicability of the cubic
spline method for solving singular boundary value problems. It is a direct, simple,
accurate, and easy to implement on computer. It is a practical method and can easily
be implemented on computer to solve the problems.

In [56] A.S.V. Ravi Kanth and Vishnu Bhattacharya have used cubic spline method
to analyze a class of non-linear singular boundary value problems defined by

Y (x) + %y’(X) = f(x,y),
Y(0)=0 and ay(l)+ B8y (1)=y.

(18)
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The quasilinearization technique is used to reduce the given non-linear problem to a
sequence of linear problems. The resulting set of differential equations is modified at
the singular point and is treated by using cubic spline for finding the numerical solu-
tion. The numerical method is tested for its efficiency by considering two examples
from physiology.

In [54], J. Rashidinia, Z. Mahmoodi and M. Ghasemi present a three point finite
difference method based on uniform mesh using parametric spline for the class of
singular two-point BVPs

xY(x%YY = f(x,y), 0<x<1; y(0)=Aand y(l)=B. (19)

Firstly authors have derived the formulation of spline function approximations. Ac-
cordingly consider a uniform mesh with knots A :a =x¢p < x] <--- <xy = b where
xi =ih, h=1/N. A function S (x, p) of class C%([a, b)), interpolating y(x) at the
knots {x;} and depending on a parameter p is called a parametric spline function and
reduces to a cubic spline function in the interval [x;_, x;] as p — 0. Then given
problem is treated with the parametric spline.

Remark 6 In this method, by choosing different values of parameters, we can obtain
the classes of second order methods. Solution of Bessel’s equation of order two by
this method gives more accurate results as compared to that in [58].

J. Rashidinia, R. Mohammadi and R. Jalilian in [55] solve a class of non-linear
singular ordinary differential equations arising in physiology by a new method based
on non-polynomial cubic spline. Consider,

Y (x) + (a+ %)y’(x)=f(x,y), 0<x<l (20)

with
my@©) +¢1y'(0)=y1 and ny(1)+ &y (1) =y».

Authors use the quasilinearization technique to reduce the given non-linear prob-
lem to a sequence of linear problems, then modify the resulting set of differential
equations at the singular point then treat them by using non-polynomial cubic spline
approximation. For each segment [x;, x;11], the non-polynomial spline has the form

Sa(x)=a; +b;j(x —x;)+c¢;sint(x —x;)+d;cost(x—x;), i=0,1,2,...,N—1.
2D
The resulting system of algebraic equations is solved by using a tri-diagonal solver.

Remark 7 For « = 1/6 and B8 = 1/3, this method is the second-order method and
reduces to the method by Ravi Kanth and Bhattacharya [56]. For « =1/12 and 8 =
5/12, this new method is the fourth-order method. Authors have illustrated numerical
solution of three problems including an oxygen diffusion problem and a non-linear
heat conduction model of the human head.
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In [57], Ravikanth has considered a class of non-linear singular BVP
o
y'(x) + ;y/(X) =fx,y, Y0 =0, y)=8 a>1. (22)

The author assumes that f is continuous, df/dy exists, is continuous and positive.
Due to the singularity at x = 0 on the left side of the differential equation, direct nu-
merical techniques face convergence difficulties. Attempts by many researchers for
the removal of the singularity are based on series expansion procedures in the neigh-
borhood (0, §) of singularity and then solve the regular boundary value problem in
the interval (8, 1) using numerical methods. In this paper, authors discuss a direct
method based on cubic spline approximation for the solution of nonlinear singular
two-point boundary value problems. The advantage of this method is that the coef-
ficient matrix of the system is of the system of Hessenberg form. First they use the
quasi-linearization technique to reduce the given non-linear problem to a sequence of
linear problems. The resulting sets of differential equations are modified at the sin-
gular point and are treated by using cubic spline for finding the numerical solution.
The numerical method is tested for its efficiency by considering three physical model
problems from the literature.

Remark 8 As it is evident from the computational results solved in this paper, the
method gives O (h*) accuracy. The results obtained using this method are better than
using the usual finite difference method with the same number of knots.

3 B-spline methods

Kadalbajoo and Vivek Kumar in [37] discuss a homogeneous second order linear
differential equation having regular singularity given by

u"(xX)+ foOu' (x) +gxu(x)=0, 0<x<1 (23)

s.t. u(0) = o and u(1) = B. Functions f and g are not analytic at x = 0. It gives
singularity at x = 0. This type of problems arises when partial differential equation
reduced to ODE equation by physical symmetry. To remove the singularity authors
used Chebychev economization near the singularity and boundary at x = §. For find-
ing the numerical solution, B-spline method is used on resulting regular BVP which
gives O (h*) accuracy. The results obtained by this method are better than using the
finite difference method with the same number of knots.

Existence and uniqueness of solutions for such type of problems has been dis-
cussed in [35] using finite difference method. Reddien [61] used collocation method
for the solution of such problem. In [32] series solution is used in the neighborhood
of the singularity. In general, series solution may not produce an effective approxi-
mation near the singularity. For reducing the necessary number of terms in the series
without increasing the errors Chebychev economization can be applied.

Remark 9 Comparing B-spline method, with the one used in [22], we remark that it

produces a spline function allowing the solution pointwise on the range. But by finite
difference method used in [22] we can find solutions only on chosen Knots.
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In [13] Nazan Caglar and Hikmet Caglar, have solved Homogeneous and non-
homogenous singular boundary value problems using B-splines. In a series of papers
by Caglar et al. [11, 12], BVPs of second, third, fourth and fifth order are solved using
third, fourth and sixth-degree splines. In [13], a third-degree B-spline is used to solve
singular boundary value problems as the following form which is assumed to have a
unique solution in the interval of integration [3],

y”(x)—i—Sy’(x)—i—b(x)y(x):c(x), O<x<1; Y(0)=0and y(1) =8, (24)

which arise in the study of generalized axially symmetric potentials after separation
of variables has been employed. These problems also occur very frequently in the
study of electro hydrodynamics and the theory of thermal explosions. In [13], authors
discuss a direct method based on B-splines for a class of singular two-point boundary
value problems. The original differential equation is modified at singular point. The
B-spline approximation is then employed to solve the boundary value problem.

In [38] M.K. Kadalbajoo and V. Kumar, consider a class of singular two-point
boundary value problems

xRk = fe,u), 0<x<1 (25)

with ©/(0) = 0 and u(1) = B. Here k € (0, 1) (weakly singular) or also k = 1,2
(strongly singular). For k = 1, the problem becomes a cylindrical one and for k =2,
it becomes spherical. B is a finite constant. It is well known that the problem above
has a unique solution, if f is continuous, % exists and is continuous and % > 0.
The aim of the paper is to present a modified fourth order B-spline method to solve a
certain class of linear and non-linear singular boundary value problems such as

u” (x) + ;u/(x) = f(x,u), (26)

with #’(0) =0 and u(1) = B, where k = 1 or 2. On physical ground we expect a
smooth solution. Indeed, symmetry implies that this smooth solution has a deriva-
tive that vanishes at the origin. This physical condition is just what is needed for the
existence of the limit limy_, ”/)(Cx — (0). On the other hand we can say that as
discussed in [32], it may sometimes be very difficult or even not possible to obtain
the series solution in the neighborhood of the singularity. Recently Shampine et al.
[66, 67] modified the MATLAB solver bvp4c and solved these kinds of problems. In
the case of non-linear problems, quasilinearization technique, originally developed
by Bellman and Kalaba [7], has been used to reduce the given non-linear problem to
a sequence of linear problems. The linear problem is modified at the singular point.
The numerical experiments for the model problems have been given to illustrate the
method. One of the problems discussed in this paper has earlier been discussed by
Russell and Shampine [64]. A second particular one deals with the oxygen diffusion
into a cell, in which an enzyme-catalyzed reaction occurs. A third one arises in a
study of heat and mass transfer in a porous spherical catalyst with a first order reac-
tion. There is a singular coefficient arising from the reduction of a partial differential
equation to an ODE by symmetry. A non-linear problem arising in the equilibrium of
isothermal gas spheres in Astronomy is also being solved.
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Remark 10 It was shown from numerical result that the method gives O (h*) accu-
racy. Using deferred correction this B-spline method will give results to a prescribed
accuracy at any point in the range and will involve the minimum convenient number
of knots consistent with such accuracy. This method gives comparable results and
is easy to compute. It also produces a spline function which may be used to obtain
the solution point wise on the range, whereas the finite-difference methods and the
invariant imbedding methods [39] give the solution only at the chosen knots.

4 TAGE methods

In [46], R.K. Mohanty and D.J. Evans present a fourth-order method based on cubic
spline approximations for the numerical solution of non-linear singular two point
boundary value problems. The AGE (Alternating Group Explicit) and Newton-AGE
iteration methods which are suitable both on sequential and parallel computers are
discussed both for linear and nonlinear singular problems. The convergence theory is
briefly discussed. The numerical results obtained confirm the viability of the proposed
method.
In [48], Authors consider general non-linear second order ODE

—u"+ f(ryu,u’)=0, O0<r<l 27

with u(0) = A and u(1) = B, where A and B are finite constants. By assuming that
forO<r <1and —oo <u, v <oo; f(r,u,v) is continuous; df/du and df/dv exist
and are continuous; df/dv > 0 and |df/dv| < k for some positive constant k. These
conditions guaranty that the boundary value problem has a unique solution [41]. In
the paper, authors discuss a fourth order cubic spline two parameter alternating group
explicit (TAGE) method for the numerical solution of both linear and nonlinear singu-
lar two point boundary value problems. The cubic spline interpolation process itself
is fourth order. Therefore, it is natural to look for a method using cubic spline which
provides fourth order approximations. In the paper, fourth order accurate cubic spline
TAGE and Newton-TAGE iterative methods are discussed and proved to be suitable
for computation both on sequential and parallel computers. The convergence of the
method for the real unsymmetric coefficient matrix is also discussed.

Remark 11 Numerical experiments show that the TAGE method is accurate and con-
vergent. The proposed TAGE and Newton-TAGE iteration methods show the supe-
riority over the corresponding SOR iteration method. Although the TAGE method
involves more work, the developing of the TAGE group implies that parallelism can
be easily applied advantageously. Since both AGE and TAGE method requires the
same number of sweep operations to solve the system of equations, the TAGE method
requires less computation to obtain the final solution. Hence TAGE method is more
efficient than the AGE method for the numerical solution of singular two point BVP.

In [47] R.K. Mohanty, D.J. Evans and Noopur Khosla report a non-uniform mesh

cubic spline method of accuracy O(hz) for the solution of non-linear singular two-
point boundary value problems. The application of two-parameter alternating group
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explicit (TAGE) and Newton-TAGE iteration methods which are suitable for use on
parallel computers is discussed. The error analysis for TAGE iteration method is dis-
cussed in detail. The numerical results confirm the utility of proposed cubic spline
TAGE iteration methods.

5 Discussion and conclusion

This paper contains sufficiently large amount of material concerned with spline so-
lution of linear and non-linear second order two-point singular boundary value prob-
lems (BVPs) in ordinary differential equations. This may help substantially to the
researchers. Spline functions give simple and practical methods to solve singular
boundary value problems. It is more advantageous than other available computational
techniques. In comparison with the finite difference methods, spline solution has its
own advantages. For example, once the solution has been computed the information
required for spline interpolation between mesh points is available. This is particu-
larly important when the solution of boundary value problem is required at various
locations in the given interval.

References

1. Abu-Zaid, I.T., El-Gebeily, M.A.: A finite difference method for the spectral approximation of a class
of singular two-point boundary value problems. IMA J. Numer. Anal. 14, 545-562 (1994)

2. Abu-Zaid, L.T., El-Gebeily, M.A.: On a finite difference method for singular two-point boundary value
problems. IMA J. Numer. Anal. 18(2), 179-190 (1998)

3. Agarwal, R.P.: Boundary Value Problems for High Ordinary Differential Equations. World Scientific,
Singapore (1986)

4. Ahlberg, J.H.: The Theory of Splines and Their Applications. Academic Press, San Diego (1967)

5. Albasiny, E.L., Hoskins, W.D.: Cubic splines solutions to two-point boundary value problems. Com-
put. J. 12, 151-153 (1969)

6. Albasiny, E.L., Hoskins, W.D.: Increased accuracy cubic spline solutions to two-point boundary value
problems. IMA J. Numer. Anal. 9(1), 47-55 (1972)

7. Bellman, R., Kalaba, R.: Quasilinearization and Nonlinear Boundary Value Problems. American El-
sevier, New York (1965)

8. Bickley, W.G.: Piecewise cubic interpolation and two point boundary problems. Comput. J. 11, 206—
212 (1968)

9. De Boor, C.: Practical Guide to Splines. Springer, Berlin (1978)

10. Brabston, D.C., Keller, H.B.: A numerical method for singular two point boundary value problems.
SIAM J. Numer. Anal. 14, 779-791 (1977)

11. Caglar, H., Caglar, N., Elfaituri, K.: B-spline interpolation compared with finite element and finite
volume methods which applied to two-point boundary value problems. Appl. Math. Comput. 175,
72-79 (2006)

12. Caglar, H.N., Caglar, S.H., Twizell, E.H.: The numerical solution of third-order boundary-value prob-
lems with fourth-degree B-spline functions. Int. J. Comput. Math. 71, 373-381 (1999)

13. Caglar, N., Caglar, H.: B-spline solution of singular boundary value problems. Appl. Math. Comput.
182, 1509-1513 (2006)

14. Chawla, M.M.: A fourth-order finite difference method based on uniform mesh for singular two-point
boundary-value problems. J. Comput. Appl. Math. 17, 359-364 (1987)

15. Chawla, M.M., Katti, C.P.: A finite-difference method for a class of singular two-point boundary-value
problems. IMA J. Numer. Anal. 4(4), 457—466 (1984)

16. Chawla, M.M., Katti, C.P.: A uniform mesh finite difference method for a class of singular two-point
boundary value problems. SIAM J. Numer. Anal. 22, 561-565 (1985)

@ Springer



Methods for solving singular boundary value problems using splines 277

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.
46.

Chawla, M.M., Katti, C.P.: Finite difference methods and their convergence for a class of singular
two-point boundary value problems. Numer. Math. 39, 341-350 (1982)

Chawla, M.M., Mckee, S., Shaw, G.: Order h2 method for a singular two-point boundary value prob-
lem. BIT 26, 326-381 (1986)

Chawla, M.M., Subramanian, R.: A new fourth order cubic spline method for non-linear two-point
boundary value problems. Int. J. Comput. Math. 22, 321-341 (1987)

Chawla, M.M., Subramanian, R., Sathi, H.L.: A fourth-order spline method for singular two-point
boundary-value problems. J. Comput. Appl. Math. 21, 189-202 (1988)

Ciarlet, P.G., Natterer, F., Varga, R.S.: Numerical methods of high order accuracy for singular non-
linear boundary value problems. Numer. Math. 15, 87-99 (1970)

Cohen, A.M., Jones, D.E.: A note on the numerical solution of some singular second order differential
equations. J. Inst. Math. Appl. 13, 379-384 (1974)

Doede, E.J., Reddien, G.W.: Finite difference methods for singular two-point boundary value prob-
lems. STAM J. Numer. Anal. 21, 300-313 (1984)

Doolan, E.P., Miller, J.J.H., Schilders, W.H.A.: Uniform Numerical Methods for Problems with Initial
and Boundary Layers. Boole, Dublin (1980)

El-Gebeily, M.A., Boumunir, A., Elgindi, M.B.: Existence and uniqueness of solutions of a class of
two-point boundary value problems in one dimension. J. Comput. Appl. Math. 46, 345-355 (1992)
Fyfe, D.J.: The use of cubic splines in the solution of two-point boundary value problems. Comput. J.
12, 188-192 (1969)

Golub, G.H., Ortega, J.M.: Scientific Computing and Differential Equations. Academic Press, San
Diego (1992)

Guogqiang, H.: Correct solution of finite difference and spline approximation for a class of singular
two-point boundary value problems. Math. Numer. Sin. 13, 187-192 (1991) (in Chinese)

Guogiang, H., et al.: J. Comput. Appl. Math. 126, 145-157 (2000)

Guogqiang, H., Jiong, W., Hayami, K., Yuesheng, X.: Correction method and extrapolation method for
singular two-point boundary value problems. J. Comput. Math. 126, 145-157 (2000)

Guogqiang, H.: Spline finite difference methods and their extrapolation for singular two-point boundary
value problems. J. Comput. Math. 11, 289-296 (1993)

Gustafsson, B.: A numerical method for solving singular boundary value problems. Numer. Math. 21,
328-344 (1973)

De Hoog, FR., Weiss, R.: Difference methods for boundary value problems with a singularity of the
first kind. SIAM J. Numer. Anal. 13, 775-813 (1976)

Iyengar, S.R.K., Jain, P.: Spline finite difference methods for singular two point boundary value prob-
lems. Numer. Math. 50, 363-376 (1987)

Jamet, P.: On the convergence of finite difference approximations to one dimensional singular bound-
ary value problems. Numer. Math. 14, 355-378 (1970)

Kadalbajoo Mohan, K., Aggarwal Vivek, K.: Cubic spline for solving singular two-point boundary
value problems. Appl. Math. Comput. 156, 249-259 (2004)

Kadalbajoo Mohan, K., Aggarwal Vivek, K.: Numerical solution of singular boundary value problems
via Chebychev polynomial and B-spline. Appl. Math. Comput. 160, 851-863 (2005)

Kadalbajoo Mohan, K., Kumar, V.: B-spline method for a class of singular two-point boundary value
problems using optimal grid. Appl. Math. Comput. 188, 1856—1869 (2007)

Kadalbajoo Mohan, K., Raman, K.S.: Cubic spline and invariant imbedding for solving singular two-
point boundary value problems. J. Math. Anal. Appl. 112, 22-35 (1985)

Kadalbajoo Mohan, K., Raman, K.S.: Numerical solution of singular boundary value problems by
invariant imbedding. J. Comput. Phys. 55, 268-277 (1984)

Keller, H.B.: Numerical Methods for Two Point Boundary Value Problems. Blaisdell, London (1992)
Kumar, M.: Higher order method for singular boundary value problems by using spline function.
Appl. Math. Comput. 192(1), 175-179 (2007)

Kumar, M.: A fourth-order spline finite difference method for singular two-point boundary value
problems. Int. J. Comput. Math. 80(12), 1499-1504 (2003)

Kumar, M.: A second order spline finite difference method for singular two-point boundary value
problems. Appl. Math. Comput. 142, 283-290 (2003)

Micula, G., Micula, S.: Handbook of Splines. Kluwer Academic, Dordrecht (1999)

Mohanty, R.K., Evans, D.J.: A fourth order accurate cubic spline alternating group explicit method
for non linear singular two-point boundary value problems. Int. J. Comput. Math. 80, 479-492 (2003)

@ Springer



278 M. Kumar, Y. Gupta

47. Mohanty, R.K., Evans, D.J., Khosla, N.: An O(h,%) non-uniform mesh cubic spline TAGE method
for non-linear singular two-point boundary value problems. Int. J. Comput. Math. 82(9), 1125-1139
(2005)

48. Mohanty, R.K., Sachdev, P.L., Jha, N.: An 0(h4) accurate cubic spline TAGE method for nonlinear
singular two point boundary value problem. Appl. Math. Comput. 158, 853-868 (2004)

49. Natterer, F.: A generalized spline method for singular boundary value problems of ordinary differen-
tial equations. Linear Algebra Appl. 7, 189-216 (1973)

50. Nelson, P.: Invariant embedding applied to homogeneous two point boundary value problems with a
singularity of first kind. Appl. Math. Comput. 9, 93—110 (1981)

51. Pandey, R.K.: On the convergence of a spline method for singular two point boundary value problems
arising in physiology. Int. J. Comput. Math. 79(3), 357-366 (2002)

52. Prenter, PM.: Splines and Variational Methods. Wiley, New York (1975)

53. Rashidinia, J.: Applications of Spline to Numerical Solution of Differential Equations. M. Phil Dis-
sertation, AMU, India (1990)

54. Rashidinia, J., Mahmoodi, Z., Ghasemi, M.: Parametric spline method for a class of singular two-point
boundary value problems. Appl. Math. Comput. 188, 58-63 (2007)

55. Rashidinia, J., Mohammadi, R., Jalilian, R.: The numerical solution of non-linear singular boundary
value problems arising in physiology. Appl. Math. Comput. 185, 360-367 (2007)

56. Ravi Kanth, A.S.V., Bhattacharya, V.: Cubic spline for a class of non-linear singular boundary value
problems arising in physiology. Appl. Math. Comput. 74, 768-774 (2006)

57. Ravi Kanth, A.S.V.: Cubic spline polynomial for non-linear singular two-point boundary value prob-
lems. Appl. Math. Comput. 189(2), 2017-2022 (2007)

58. Ravi Kanth, A.S.V., Reddy, Y.N.: Cubic spline for a class of singular two-point boundary value prob-
lems. Appl. Math. Comput. 170, 733-740 (2005)

59. Reddien, G.W.: Projection methods and singular two point boundary value problems. Numer. Math.
21, 193-205 (1973)

60. Reddien, G.W., Schumaker, L.L.: On a collocation method for singular two-point boundary value
problems. Numer. Math. 21, 193-205 (1976)

61. Reddien, G.W., Schumaker, L.L.: On the collocation method for singular two point boundary value
problems. Numer. Math. 25, 427-432 (1976)

62. Regan, D.O.: Theory of Singular Boundary Value Problems. World Scientific, Singapore (1994)

63. Rentrop, P.: A Taylor series method for the numerical solution of two point boundary value problems.
Numer. Math. 31, 359-375 (1979)

64. Russell, R.D., Shampine, L.F.: Numerical methods for singular boundary value problems. SIAM J.
Numer. Anal. 12, 13-36 (1975)

65. Schreiber, R.: Finite element methods of high order accuracy for singular two-point boundary value
problems with non smooth solutions. SIAM J. Numer. Anal. 17, 547-566 (1980)

66. Shampine, L.E,, Reichelt, M.W., Kierzenka, J.: Solving boundary value problems for ODE in matlab
using bvp4c. Available on ftp://ftp.mathworks.com/pub/doc/papers/bvp

67. Shampine, L.F.: Singular boundary value problems for odes. Available on ftp://ftp.mathworks.com/
pub/doc/papers/bvp

@ Springer


ftp://ftp.mathworks.com/pub/doc/papers/bvp
ftp://ftp.mathworks.com/pub/doc/papers/bvp
ftp://ftp.mathworks.com/pub/doc/papers/bvp

	Methods for solving singular boundary value problems using splines: a review
	Abstract
	Introduction
	Spline solution of singular boundary value problems
	B-spline methods
	TAGE methods
	Discussion and conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


