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Abstract

The purpose of this paper is to present a method for approximate solution of
initial value problems of ordinary differential equation by the double exponential
transformation. The original problem is transformed into a Volterra integral equation
and it is solved via the indefinite integration formula derived by Muhammad and
Mori. A remarkable advantage of the double exponential transformation technique for
solving initial value problems in this method is that it is easily implemented and gives
a result with high accuracy also for problems with end point singularities and for stiff
problems. The high accuracy of the method proposed in this paper is confirmed by
numerical examples and an exponential convergence rate exp(—cN/log N) is attained
in almost all cases.

81. Introduction

Suppose that a first order initial value problem of the form
d
a =K(z,u), a<z<b,
(1.1) dx
u(x) ‘I:a = Ugq

is given. Our purpose is to solve this problem using the indefinite integration
formula derived by Muhammad and Mori [2] based on the double exponential
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transformation. Assume that the initial value problem (1.1) has a unique so-
lution in (a,b). In order to solve it by the indefinite integration formula, we
integrate the differential equation with respect to = to obtain a Volterra integral
equation

(1.2) u(z) = / K (&, u(€))dé +ua, a <o <b,

Once the differential equation is transformed into a Volterra integral equation
the double exponential indefinite integration formula proposed in [2] enables
us to approximate the resulting integral equation by a system of linear or non-
linear algebraic equations, whose solution gives an approximate solution of the
differential equation.

To state the results precisely, we need to define spaces of functions analytic
in a strip region about the real axis, which are characterized by the decay rate
of their elements in the neighborhood of the infinity. Let D, be the strip region
of width 2d (d > 0), i.e.

(1.3) Dy = {t € C||Imt| < d}.

Let z = ¢(t) denote a conformal map of Dy onto a simply connected domain
D with the boundary 9D such that ¢((—o0,00)) = (a,b) where ¢p(—o0) = a,
#(c0) = b. We denote ¢~! the inverse of ¢. Let H'(Dy) be the family of all
functions g analytic in Dy such that

Ni(g Do) = limy [ fa(o)]ar] < o
d(e)

Dy = {t € C|[Ret| < 1/e,[Imt| < d(1 —¢)}.

A function g is said to decay double exponentially if there exist positive con-
stants o and C such that

(1.4) lg(t)] < Cexp(—aexplt]) for te (—o0,00),

or a function f is said to decay double exponentially with respect to the con-
formal map ¢ if there exist positive constants a and C such that

(1.5) |f(op(t)d (t)] < Cexp(—aexplt]) for te€ (—o0,0).

In this sense ¢ satisfying (1.5) is called a double exponential transformation,
abbreviated as a DE transformation. Let K (D) denote the family of functions
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f where f(é(t))¢'(t) belongs to H!(D4) and decays double exponentially with
respect to ¢ and with a constant « as in (1.5).

Incidentally, a function f is said to decay single exponentially with respect
to the conformal map ¢, if there exist positive constants o’ and C’ such that

(1.6) [F(¢1(1) @1 ()] < C"exp (=d/[t])  for ¢ € (—00,00),

and ¢; satisfying (1.6) is called a single exponential transformation, abbreviated
as an SE transformation.
Hereafter we consider specifically the following DE transformation:

(L7) e =o(t) = 229

b—a Z cosht
1.8 '(t) = 2 .
(18) ¢'(®) 2 cosh? (% sinh t)

tanh (g sinh t) + @7

Assume that f is a function which belongs to Kg(Dd) with respect to ¢ defined
by (1.7). Then we have the following formula for an indefinite integral based
on the DE transformation [2]:

(1.9)
/: F@)dz = hjiijw(jh))w(jh) (% + %Si (M‘;(s) _ jﬂ))

4O log N o B wdN
N P log(mdN/a) ) )’

which holds uniformly for all s € [a,b] where the mesh size h and the number

of function evaluations IV should satisfy the relation
1
(1.10) h= N log(mdN/ ).

Si(x) is the sine integral defined by

(1.11) Si(z) = /0 sirgch_

§2. Application of Indefinite Integration Formula

We start with the first order initial value problem of the form (1.1). If we
integrate (1.1) with respect to « the initial value problem (1.1) can readily be
transformed into an integral equation (1.2). Therefore, the formula (1.9) for
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indefinite integration can be directly applied to the first term of the right hand
side of integral equation (1.2).

We assume here that the kernel K (&, u(§)) of the integral equation (1.2)
is analytic on a < & < b but at the end point & = a or & = b it may have
an integrable singularity. And assume that the integral kernel K (x,-) belongs
to Kg(Dd) with respect to ¢ defined by (1.7). Application of the indefinite
integration formula (1.9) to the kernel integral in the integral equation (1.2)
gives

[K(gj,u €))de ~ hz (&, ;) ]h)(1+ S(d)_;(x)—jw)),

where u; denotes an approximate value of u(¢;), and

(b+a)

E=9¢(t) = 5 )t nh(—smht) 7

=670, w=0(r), —co<T<¢Ma),

f]zd)(jh)v j=-N,...,N.

Hereafter we call {; = ¢(jh),j = —N,—N +1,..., N the Sinc points. If we
replace the first term of the right hand side of (1.2) with the right hand side of
(2.1) we have

N

22w -t 3 Kaupsn (3418 (v ) ) =

j=—N
There are 2N + 1 unknowns u;,j = —N,—N +1,..., N to be determined in
(2.2). In order to determine these 2N + 1 unknowns we employ the collocation

method and as the collocation points we choose the Sinc points

(2.3) &0 = p(kh) = @ tanh (g sinh kh) + @

k=-N,—-N+1,...,N.

Applying the collocation to (2.2), we eventually obtain the following system of
2N +1 algebraic equations with 2/NV + 1 unknowns u;,j = —N,-N +1,..., N:

Ca) ek S K gh><1+ L Si(n(k j)))—um

j=—N

k=-N,-N+1,...,N.
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The solution {u; }?Lf y of the algebraic system (2.4) plays an important role in
numerical solution of initial value problem (1.1) because they are approximate
values of the exact solution u(z) of the initial value problem (1.1) at the Sinc
points & = ¢(kh). If we need an approximate value of u(z) at an arbitrary
point , we can use some interpolation based on the values u; obtained from the
algebraic system (2.4). The following interpolation formula may be convenient
to the present purpose:

(25) un(z) = ua+h §Nj K(€,4,)¢'(jh) (1 + s <w¢_;(m) - jw)) |

j=—N 2

83. Solution of Linear Problem

When the initial value problem is linear, i.e., the kernel of integral equation
(1.2) has a form of

(3.1) K(&u(€)) = K(u(§),

we can write the algebraic system (2.4) in a matrix form as
(3.2) u=Mu+g,

where the component of the matrix M = (My;) is

(33 Miy = K (6)6/ 1) (5 + 2Si(x(h = ).

and the vectors u and g are

U_N Uq
U_N+1 Uq

(3.4) u = . and g=
un Uq

Usually we can solve the system of linear equations (3.2), i.e. (I — M)u = g,
by the Gauss elimination.

Sometimes we may also be able to solve the linear system of equations
(3.2) by successive approximation, that is, by means of an iterative scheme

0 —
(3.5) {u &

wm+tD) = pMam) L g, m=20,1,2,...
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with w(™ defined as

™)
u(n;b\; 1

(3.6) wm = | NV
ug

We employed g = (Uq,Uq,---,Us)T as an initial guess. In some cases the

Seidel iteration may be used instead of the iteration scheme described in (3.5).
However we do not go into details of these alternatives.

As an example we solved the following initial value problem of ordinary
differential equation using the Gauss elimination and also the iteration method
(3.5) mentioned above.

Example 1.

du )
— =usinz, 0<zx <1,
(3.7) dx

u(0) = 1.

The exact solution of this problem is u(x) = exp(1—cosz). In order to ob-
serve the efficiency of the DE transformation we also solved this problem by the
method based on the SE transformation. For the DE and SE transformations

we employed
—Mﬂ—ltl%ﬂ'h0+l
T = = ; tanh { o sin 5
and
1 t 1
xTr = ¢1(t) = §tanh§ —+ 5,
respectively. For each V of N = 2,4,8,16, 32,64, 128 we chose the mesh size h
as

(3.8) h= % log(mdN/ )

for the DE transformation and h = 7/v/N for the SE transformation. Because
the kernel has no singularity in (0, 1), we can take d = 7/2 for the DE transfor-
mation [4]. The parameter « is 7/2. Computation was carried out in quadruple
accuracy. For each N, the maximum value of the absolute value of the error
(39) Emax = 71\1[1%31321\[ |uk - ’U,(.Tk)‘

was computed at the Sinc points xp = ¢(kh). Also, for the SE transformation,
we used the Sinc points z; = ¢1(kh). The behavior of the error is shown in
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Fig. 1. The curve marked as DE is the error by the method based on the
DE transformation and the curve marked as SE is the one based on the SE
transformation. The numbers on the error curve (8,12, 16,25) are the times of
iteration when we solved the problem by using the iteration method (3.5). The
error curve corresponding to the Gauss elimination and by the iteration method
(3.5) overlap almost everywhere so that they are almost indistinguishable with
each other.
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Figure 1. Max error of Example 1.

84. Solution of Nonlinear Problem

If the initial value problem (1.1) is nonlinear, then the system of algebraic
equations (2.4) is nonlinear with respect to {u; };V:_ ~- Therefore in this case,
we must employ some iterative method to solve the system for {u, };V:_ ~- To
solve the nonlinear algebraic system (2.4) we can successfully apply Newton’s
method with a good choice of the initial value in many cases. We employ here
g = (U, Uq,-.,us)T as an initial guess. We rewrite the algebraic system as

(4.1) F(u)=0
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using the vector u defined as (3.4) and the vector

F N
(12) po |

Fy
where

N
(43)  Fo=up— b K(Eu)d (m( + Lsitr <k—j>)—ua,

j=-N
&=¢(h) l=—-N,—N+1,...,N.
Then Newton’s method can be written
0) =

u =g,
(4.4)

w(m ) = (M) — J M F ™), m=0,1,2,...,
where the component of the Jacobi matrix J = (Jy;) is given as

%{wa in) <2+ —Si(n (k—j)))

and the vector g and (™) are defined as (3.4) and (3.6).
If u(™ in (4.4) converges to u, then we have an approximate solution of

(4.5) Jrj = 05 —

the initial value problem (1.1) at an arbitrary x as

(4.6)  un(z —uaJrhz; (&, u;)0 jh)<1+ S(d);(x)jw>>

similarly to (2.5).
Sometimes as an alternative method to solve (2.4) we may use the following
iterative scheme which is directly obtained from (2.4):

U " = Ua
4D e 3 K () oo (2 Lsicets )
j=—N

k=-N,—-N+1,....,.N—1,N, m=0,1,2,....

As an example, we solve the following nonlinear initial value problem of or-
dinary differential equation by Newton’s method (4.4) and also by the iteration
method (4.7).
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Example 2.
d
d_u = —e"u?(x), 0<xz<l,
(4.8) v
=
u 5

The exact solution of this problem is u(z) = 1/(e® + 1). Since a = 0 and
b =1, we employ the DE transformation

1 T . 1

(4.9) x=¢(t) = 3 tanh (5 sinh t) + 3

For each number N of N = 2,4,8,16,32,64, 128, we chose the mesh size h as
1

(4.10) h = N log(wdN/a)

with d = 7/2, @ = w/2. Computation was carried out in quadruple accuracy.
For each N, the maximum value of the absolute error

(4.11) Enax = _nax o lug — u(xg)]|

was computed at the Sinc points z; = ¢(kh). To confirm the efficiency of our
method, we also solved this problem by the two methods, i.e. by Newton’s
method (4.4) and by the simple iteration scheme (4.7) mentioned above based
on the single exponential transformation @ = ¢;(¢t) = tanht/2. The behavior
of the error is shown in Fig. 2. The curve marked as DE is the error by the DE
transformation and the one marked as SE is the error by the SE transformation.
The numbers on the error curves (4,4, 5,5) and (11, 15,21, 32) are the times of
iteration when we solved the problem by using Newton’s method (4.4) and by
the iteration method (4.7), respectively. The error curves by Newton’s method
(4.4) and by the iteration method (4.7) overlap almost everywhere so that they
are almost indistinguishable with each other.

§5. Stiff Problem

Next we examined the efficiency of our method by solving the following
initial value problem of a system of linear ordinary differential equations. This
is a famous problem from the book by C. W. Gear [1].

Example 3.

du
dz
dv
dz

= 998u + 1998v,  u(0) =1,

= —999u — 19990, v(0) = 0.
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Figure 2. Max error of Example 2.

The exact solution is

’LL(Q?) =%~ % _ e—lOOO:c7
U(JZ) = _e % + 67100096_
This system of equations is regarded as a typical example of stiff problems.

To solve this equation by means of the procedure mentioned in the previous
section, we employ the DE transformation

r=-exp(t—e ")

presented in [4] because the present problem is defined on 0 < < co. For
each N of N = 2,4,8,...,256 we chose the mesh size h such that it satisfies
the relation

1
h= Nlog(wN/él),

and the following maximum error Ey, .y at the Sinc points was computed:

Emax = 71\1}%33);]\[ {‘U(IJ) - uj|a |U(‘Tj) - Uj|}a ZTj = ¢(]h)
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We also solved this problem using the following transformation and the mesh

size [3]:
T

V2N’

This gives an SE transformation. The error curves marked as DE and as SE
in Fig. 3 are the results. We should note that, although we did not pay any
special care for the stiffness, the DE transformation is very efficient for this stiff

x:log(et—i— €2t+1), h=

problem as seen from Fig. 3.
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Figure 3. Max error of Example 3.

In every examples shown above error behavior which can be regarded as
O(exp(—cN/log N)) is observed when we used the DE transformation. This
is a direct result from (1.9) in case of linear problems [2]. Although we pro-
posed simple iteration schemes (3.5) and (4.7) in order to solve the algebraic
system, both schemes are not always guaranteed to converge to the exact so-
lution. Therefore, we should be careful when we solve the problem using these
iteration schemes. We recommend Newton’s method described in (4.4) for
nonlinear problems. To investigate the convergence conditions of Newton’s
method as well as of the iteration schemes (3.5) and (4.7) will be left to the
future work.

Finally the authors are grateful to the referee for valuable comments.
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