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A high order algorithm for ordinary boundary
value problems
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Abstract

The method of analytic continuation has been used to obtain nu-
merical solutions of nonlinear initial value problems. Here we formu-
late the problem in terms of characteristic functions that form a Par-
tition of Unity. This method allows us to extend an approximate local
solution to a global solution that can be expressed in closed form as
a polynomial whose coefficients are piecewise constant functions. An
error bound is calculated and used to prove uniform convergence to
the exact solution as the number of partition points approaches infin-
ity. Using a shooting method we also find approximate closed form
solutions of nonlinear boundary value problems with arbitrarily high
order of accuracy. The solution obtained is useful when a closed form
expression is required.
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1 Introduction

We wish to find approximate solutions in closed form of the nonlinear system
of differential equations of order M

dy

&L= fw), &

for = on an interval I = [a,b] with initial or boundary conditions and with
arbitrarily high order of accuracy. The function f(z,y) is a vector function
f I xRM = RM that is assumed to be analytic in a domain D of I x R
and y is an M-dimensional vector.

One technique used to develop a high order algorithm for the initial value
problem (IvP) involves the use of an iterative method based on analytic
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continuation [1, 2]. This method has been used to obtain numerical solutions
of (1) subject to the initial condition y(x¢) = yo [3].

In this article we reformulate the problem in terms of characteristic func-
tions that constitute a Partition of Unity. This allows us to extend a local
solution to the whole interval [a, b] and also perform an error and convergence
analysis of the problem with a considerable simplification of the algebra in-
volved.

Viera [4] used characteristic functions to find approximate closed form
solutions of linear boundary value problems in an infinite domain. In that
case, the method also yields a closed form expression for the eigenvalue equa-
tion. In this article, characteristic functions are used to obtain the solution
of nonlinear 1vPs in closed form and then use a shooting method to extend
the technique to solve nonlinear boundary value problems (BVP).

As an illustration of how the technique is applied, we use the Taylor series
method to calculate the local solutions. The approximate global solution is
then written in closed form as a single polynomial whose coefficients are
piecewise constant functions of x.

2 Initial value problem

2.1 Problem formulation

A partition of I = [a, b] is introduced with N + 1 points and N subintervals
I, = [Tn, Tpy1) given by

pN:a:x0<x1<--~<xN:b.

The partition norm is defined by |py| = max,—o1,. N—1|Tn+1 — Zn| so that

Ipn| — 0 as N — oo. Introduce the characteristic function of the interval I,
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defined by

1, ifzel,,
Xn = .

0, otherwise.

The set of functions y,, form a Partition of Unity where Z 0 '\, = 1 for each
x € I. They also form an orthogonal set with respect to real multiplication,

XoXom = {O’ nm, (2)

Xn, N=m.

These properties are used to extend a local solution globally to the inter-
val [a, b] as follows.

Let y = ¥(z;x9) be a local solution of (1) valid in a neighbourhood of
x = x9. This is called the initial local solution. Introduce the piecewise

constant function
N—1
= Z TnXn - (3)
n=0

The Partition of Unity then allows us to extend the initial solution globally
by evaluating it at zo = 2", thus,

y = P(z; )

o ()
:Nz: U(x; T,)X (4)

The equality of the last two expressions in (4) is easily established by taking
a value of x € I;. Then the two expressions become equal to 1(x; x;) by the
properties of x; mentioned above. To ensure continuity of the solution at the
partition points we impose the condition

Y(Tp;xnq) = V(xp;2,), n=12,....,N—1. (5)
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Equation (4) has two main implications: the global solution on [a,b] is rep-
resented

1. as the piecewise superposition of components, each of which is valid on
the interval I,,, forn =0,1,...,N —1; or

2. as a single function, whose parameter xy has been replaced by a piece-
wise constant function 2V that approaches the continuous variable x
as N — 0.

If the initial local solution ¢ (x; x¢) is expressed in terms of a power series and
if the radius of convergence of the series defined on I, is R,, > |z,41 — 2| for
n=0,1,...,N —1, then (4) and (5) are equivalent to applying the method
of analytic continuation to extend the initial solution globally to [a,b]. The
formulation using characteristic functions, however, provides an effective tool
that allows application of the method to more difficult problems such as
finding solutions of nonlinear partial differential equations.

2.2 Local solution

In order to illustrate how the characteristic functions are used to express
a global solution, we calculate the local solutions using the Taylor series
method. Let the Taylor expansion of the initial solution ¢ (z;xy) about x =
o be

V(3 20) = Vi (23 70) + Tre (7320, &) (6)
where
‘ - K @Z)(’“)(xo) . .
¢K(%$0) - %T(ZE—I‘O) ) ( )
Ty (520, 0) = e 0 pyaeet )

(K +1)!
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are the Taylor polynomial of degree K and the corresponding Lagrange form
of the remainder, respectively, and &, € (xg,z) C Ip. The derivatives in the
expansion are determined by successive differentiation of equation (1):

@/J(O) (xo) = %Yo,
w(l)(xo) = f(wo,y0)

0 0
o) = [+ @zl

0

W ) = [ (55 + 1)) )] )

(z0.y0)

Cauchy used the method of Majorants to calculate bounds for the coeffi-
cients and establish the following conditions under which the series solution
converges.

If the function f(z,y) is analytic in the neighbourhood of the point (¢, yo),
equation (1) has a unique solution y = y(x) which is analytic in the neigh-
bourhood of xy and satisfies the initial condition y(x¢) = yo, [1, 2].

2.3 Global solution

Neglecting the remainder term we approximate the local solution (6) by
Y(x;mg) =~ g (x;20). Replacing 2o = zV, the approximate global solu-
tion Yk is written in the form

Unk(x) = i (z;27)
=K (x; er]:[:_()lann>

N-1

= Zwl{('r;xn)%w (10)



3 Error bound and convergence C997

where .
Qn
V(T 25) = Z _(C(x - xn)k y Onk = @Z)(k) (@) - (11)
The continuity condition (5) becomes

Vi (Tp;tn1) = Vi (Tp;xn), n=12...,N—1.

If required, the expression for ¥nk(x) in (10) is written in a more compact
form as a single polynomial of degree K

Unk () =g (z; V)

K
") (z) N\k
=2 gy ()
k=0
=a) +aVr+ - Fafa, (12)
where aév for y = 0,1,..., K, are piecewise constant functions of z. Note

that 2V — z as N — oo. Hence, ozj-v—>0asN—>ooforj:1,2,...,K,

and o)’ approaches the exact solution in that limit.

3 Error bound and convergence

In order to calculate a uniform bound for the error, we globalize the remainder
term (8) by applying to it the same process we used to obtain (10). By
analogy with (3) we introduce the sequence of intermediate values

¢ = szl §iXi s
i=0

where & € (z;,7) C I; and evaluate (8) at (&;70) = (€V;2). The vector
absolute error is then defined by

ENK(ZC> - TK(:Ca xNv fN)
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_ 77Z)(K+1)(£N) (.’E . xN)KH
(K4 1)!
YUy (szle) K+1

K+1 gz

Z Z wK + 1 .Z’ — mn)KJrlXan

= pEI(E)

(K—}-l)! (x_xn) Xn

n=0

where the orthogonality (2) of x,, is used to reduce the double summation to
a single sum in n. Taking the Euclidean norm gives the scalar error

en(z) = ||EY ()]

1 N-1
< G 2 e @ - ),
n=0

where |py| is the partition norm and

N-1

K = Z ||¢<K+1)<§n>H(xn+l — ) >0
n=0

is a Riemann sum. Since by the Cauchy theorem mentioned in Section 2.2
the solution is an analytic function, the derivative ||¢**)(z)|| is continuous
and bounded. Defining

My = max ||w K“)( )H ,

z€[a,b]
gives
N-1

Sk < Mg Z($n+1 —z,) = Mg(zny — 20),
n=0
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and the following error bound is obtained

K
enk(x) < Bykg, Bykx = %MKCEN — Zo). (14)

Hence, eng(x) — 0 uniformly and the approximate solution converges uni-
formly to the exact solution with convergence rate O(|px|¥) as N — oo for

fixed K.

4 Boundary value problem

4.1 Shooting method

We now use the shooting method to solve the second order nonlinear bound-
ary value problem

d?y /

w:f(‘r?yay)a xe[a,b], ?/(a):a7 ?/(b):ﬁa (15)

by replacing it with an equivalent 1vP [6] of the form

d*y

w:f(x,y,y’), x € la,b], yla)=a, y(a)=t. (16)
Recall that the second order equation can always be written as a system of
equations of the form (1). If y(z,t) is the solution of (16) and if ¢ = ¢y, where

to is the solution of the nonlinear transcendental equation

then the 1vp (16) is equivalent to the BVP (15). Some conditions ensure
existence and uniqueness of the solution of the BVP (15) [5, e.g.].
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TABLE 1: Ly norm of absolute error ey (x) and error bound By for K = 10
and several values of the partition size N. For comparison with Table 2, the
last column shows approximate values of execution time in seconds.

N llenkx(@)|lL, Bnk cpu
10 0.40x1071% 0.16x1071! 15
50 0.15x107* 0.17x107'® 50
100 0.27x10722  0.16x1072% 90
200 0.52x107%  0.16x1072* 210
400 0.10x107%7  0.72x1072" 450

4.2 Example

We now find the approximate solution ¥ yx of the boundary value problem

de 3 /
a2 Yy —yy,
and compare it with the exact solution ¢(x) = 1/(x + 1). The solution
of (17) with b = 2 and 8 = 1/3 is found using the method of false position
giving a value of t; = —0.24999 ... . It is not difficult to automate the search
of two initial guesses of opposite sign to be used by false position to compute

the root to the high level of accuracy required by the method.

re(l,2], y(1)=1/2, y(2)=1/3, (18)

Table 1 shows the Ly norm of the actual error ey (x) = |(x) =y ()],
using the exact solution ¢ (x). The table also shows the error bound By
calculated using (14) for K = 10 and several values of the partition size N.
Table 2 gives the Ly norm of ey and the bound By for N = 10 and several
values of the Taylor polynomial order K.

For comparison, the last column in both tables shows approximate exe-
cution time in seconds. When (NN, K) = (200, 10) (Table 1), the error bound
Bykx = O(1072*). This computation takes about 210 seconds to execute.
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TABLE 2: Ly norm of absolute error eyg(z) and error bound Byg for
N =10 (Az = 0.1) and several values of the Taylor polynomial order K.
For comparison with Table 1, the last column shows approximate values of
execution time in seconds.

K |lenk(7)|l, Bnxk cpu
5 0.11x10°6  0.17x107° 10
10 0.40x107'  0.16x10~1 15
20 0.39x10726  0.55%x10~24 30
40 0.45x107°2  0.19x10~% 100
80 0.38x107102 (.69x107101 430

When (N, K) = (10,20) (Table 2), the error bound has the same order of
magnitude but the computation takes only about 30 seconds to complete
(seven times faster).

On the other hand, the computations in the last row of each table, both
take approximately the same amount of time to execute (= 450 sec). How-
ever, in Table 1 the error is O(107%7) whereas in Table 2 the error is O(1071%1),
a substantial improvement. This behaviour is due to the exponential depen-
dence of Byk on the parameter K in equation (14) and the (K + 1)! term
in the denominator.

5 Discussion

We have formulated the calculation of approximate solutions of nonlinear ini-
tial and boundary value problems in terms of the characteristic functions y,,
of the interval [a,b]. These functions form a Partition of Unity of [a,b] and
hence are used to extend a local solution valid in the neighbourhood of z = a
to the whole interval [a, b].
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The technique not only allows us to obtain (approximate) solutions in
closed form but error analysis and convergence calculations are considerably
simplified, as shown by the analysis of Section 4. This technique has not been
used previously in the context of ordinary nonlinear differential equations.

As an example, we calculated the local solutions using the Taylor series
method. We then used a specific differential equation to compute explicitly
the approximate solution and compare with the known exact solution. We
emphasize that other ways of computing local solutions could be used just
as well. Work is currently in progress to extend the method to solve initial
value problems for partial differential equations.

The following pseudocode uses the Taylor series method to calculate the
solution of the second order 1vP

d*y
2 = T@yy), welat], yla) =y, yla)=uyp,

and is implemented using a computer algebra system.

]npUt a, b7 f(xayvy,)v Yo, 3167 N7 K
Output: Approximate solution

i

[M] =

a'_n'k ([E - xn)an

Ynk(r) =

3
Il
o
b
Il

0

—_

: Ax=(b—a)/N
2: Calculate derivatives

Oly(ol] = (g + Sy ) el E= 1 (K1)

. Initialize first two coeflicients: agy = yo, @01 = Y}
:forn=0,...,(N—1)do
fork=2,...,(K+1)do

Calculate derivatives at (2,%) = (Zn, Yn) » Gk = VP[22, Y]
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7. end for
8:  (Calculate local solutions

k=0
K
dyk . Apk k1

9:  Update partition points and function values x, 1 = x, + Az, ypy1 =

wK(er»l; xn) ) y;H-l - dzlb_xK(xn+1; xn) .
10:  Update first two coefficients to ensure continuity of global solution:

A(n+1)0 = Yn+1, A(n+1)1 — y;LH
11: end for
12: Construct final solution:

Unie () =Y Vx (@ 20) X
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