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THE DIFFERENCE CORRECTION METHOD FOR NON-LINEAR,

TWO-POINT BOUNDARY VALUE PROBLEMS.

by

Victor Pereyra

1. Introduction

This paper will deal with the theory and application of the difference

correction method to two-points boundary value problems of monotonic type,

l1.e.:

(1.1) y' = f(x,y)

(1.17) a y(a) -py (a) =A

(1.1") y y(b) + ® y'(b) = B

with several conditions on f(x,y) and the constants &, B, y, 6.

A thorough discussion on the practical aspects of the difference cor-

rection method can be found in Fox [1957] and Fox [1961] where the method

1s applied to a wide variety of problems. Considering boundary value

problems for the Poisson equation in two dimensions Bickley, Michaelson

and Osborne [1961] have pointed out some theoretical aspects of the differ-

ence correction when applied to that problem.

In Henrici's book, "Discrete variable methods 1n ordinary differential

equations" [1962] p.377, it is indicated that, if a difference correction
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1s added to an approximate solution of 1.1 then the order of the discreti-

zation error 1s increased 1n at least two units. After giving some notation

in Section 2 a discussion of (1.1) with a=y =1, B=08 = 0 1s given in

detail in the following sections. The asymptotic behavior of the discretiza-

tion error 1s discussed 1n Section 3, following the lines of Henrici with cer-

tain changes which make 1t more general and allow us to introduce several

ways of performing the difference correction.

In Section 4 the h° improvement property ofa generalized difference

correction is proved.

In Section 5 two possibilities (different from the classical) are inves-

tigated for the case p = 2, and in Section 6 numerical results and compari-

sons with other methods are presented, showing that it is faster and more

accurate to use correction differences than a direct method of equivalent

order.

In Section 7, the results of Sections 3 and 4 are extended to the general

problem (1.1) and in Section 8 a numerical example 1s presented.

2. Notation and known results

As we want to use several results by Henrici [1962] 'Chapter7, and we prefer

to avoid repeated references, we will adopt its notation and we will give a

summary of these results.

A non linear boundary value problem will be called of_class M, if it 1s

of the form (1.1) and, a) the initial value problem y" = f(x,y)

y(a) = Q, y'(a) = A with A arbitrary, has a unique solution. Db) f(x,y)
1s continuous and

(2.1) r(x y) > 0 for a <x <b, *2<y<®,
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c) the boundary conditions are,

ya) =a , yb)= 8 .

It 1s proved then that a problem of class M always has a unique solution.

The finite difference approximations that we will discuss are of the form,

| (2.2) oy +2 -y.. +h {Bf 4Bf +8. Ff ..}=0n-1 n n+l 0 n-1 ln 2 n+l

n=12 ....N-1l

where By +B, +B, = 1, By = Byy h = (b=a)/N (N integer), y, = @& yg, =B

and the rest 1s standard notation. The limitation of taking this kind of

| equations appears naturally if we do not want fo consider grid points outside

of the interval [a,b]. By introducing some special matrices and vectors,

_ part of the following discussion can be simplified. We will use no special

notation for matrices or vectors, but we hope that their meanings will be

| clear in each context. ILet

y £(x,,y.) a= hf (x a)
1 1°71 70 0’

i!

| \

y=] f(y) = | a = .

| y F(x Vy) 8-80 F (%.,8)| N-1 "N-17w-1 RS



/ |
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Po P1 Po

J —_— [ L [ J B= : * nt

- LJ -1 ) $e )

12 SR

(2.3)

ff (1 0(1)
0) f (2 .y! ) |

Fy) =
. 0

0 ff (N-1

| , (01)

h £f,(3) = f° : .)where ff, (73) ey ys)
For instance, formula (2.2) can now be written,

2

(2.1) Jy +h” Bf(y) -a=0

where the vector a takes care of the boundary values.

A Newton type iteration used to solve the system of non-linear

equations (2.4) 1s insured to be convergent under certain restrictions,

mainly on the first approximation and on the step length h (Th. 7.7,

pe 373, lec.) . If the first approximation is called 0) then the formulas

for Newton method are in this case,

(2.5) r(x) = (1) + he Br(yi) - a,

In
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(2.6) ARAN ECE LC PPE)

and finally,

= :

If the computed approximation 1s called y* and the exact solution

of (1.1) is called y, then theorem 7.8,p. 374 gives for the components

of the discretization error, e = y¥- y the following bound,

(x. -a)(b-x )

(2.8) le| < — c nf + gn)

where C 1s a constant which depends on the method and on the problem

itself, and p is the order of the method. K and g are arbitrary

non negative constants which stem from the assumption that the Newton

iteration 1s stopped when the components of the residual vector satisfy

qt+2
(2.9) |r| <xn

This 1s a very important practical fact, because it permits us to perform

an incomplete iteration (the only possible kind in actual computation) be-

fore applying the difference correction technique. We will assume that

qg> p+ 4 in order to avoid interference of this term in the discussion

of the discretization error.

|
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A difference operator L[y(x);h] is naturally associated to the dif-

ference scheme (2.2),

(2.10) Liy(x)sh] = -y(x__,) + 2y(x) - v(x.)

+08 v(x +p, yx +6, ¥" (x)
0) n-1 1 n 2 n+l :

L{y(x);h] operates on all functions v(x) sufficiently differentiable.

By expanding in Taylor series all the terms of (2.10) it 1s possible to

find,

p+2 (pt+2) pth (ph) 62.11) L sh] = pt

(2.11) Lly(x);h] = n Cora ¥ (x) + h Cory, ¥ (x) + on?)

where p 1s called the order of the method.

We will also need some notions about monotone matrices.

A matrix A 1s sald to be reducible 1f and only if 1t 1s similar to

a block matrix of the form,

Aq 0

pl ap =| A. a
\ 21 22

where Aj, Ars are square and P 1s a permutation matrix. In partic-

ular, a tridiagonal matrix A= (ayy) is irreducible if and only if,
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“1,11 £0 (1 =2, 3... ,n)

and

%,i41 £0 (1 =1, 2, . . . ,n-1) .

If by the notation v > 0 (either for vectors or matrices) we mean that

all the elements are non-negative, then we can define: J patrix A is

monotone if A z > 0 implies z > 0. A direct consequence of the definition

1s that every monotone matrix 1s not singular.

A fundamental result of this theory 1s: 3 matrix A is monotone iff

al > 0.

Another important fact is the following: if A is irreducibly diagonally

dominant and has non-positive off-diagonal elements then A 1s monotone.

Finally we quote for further use, gf A and B gre monotone and

“B< A then A <3

3. Asymptotic behavior of the discretization error

Following the lines of Henrici, pp. 375-377, we will now derive an

expression for the discretization error which will be useful in the dis-

cussion of the difference correction method.

We recall that, if formula (2.2) 1s used as a finite difference

approximation to problem (1.1), and ¥, is the approximate solution of

the system of equations, then the discretization error, e, = “v(x )

(n =0,1,...,N) satisfies (2.8). We will assume that p > 2 and that

the exact solution y(x) is (p+t6) times continuously differentiable.
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: Therefore,

2

£0) = £0 v(x) = f(x v(x))(y-y(x) + O(n”)

or, py calling g = NC (x )),

50 r(x ,v.) - £(x_,y(x_)) e_ . O(n°P)a’ Yn n’Y n a Sn . 84 =

As BJ + By +B; = 1 and Bj = B, we get,

(3.2) 772) (x ) = B y {72 ) + B (+2) ) + B (+2) 1)n’ = Po n-1 1 Y 2 2 V *n+l

4 L

cp, 0% y PM) 4 oomt)

Now we will construct a difference equation for the discretization

error, by subtracting (2.11) from (2.2)

Vogt RV, Yq +h f +B Tf 4B, f )- Lyx )h]

_ _ Pre (pra), pri (pHi) yy os PFE
=-B TCLv (x) - n Corl ¥ (x )+o(m™ 7) .
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| Or, letting a = fx ,¥,) - fx v(x ))

-e + 2 e -—e he (Ba +B, 4 +B. d ) _n-1 n ntl Tt O "n-1 1 nn 2 ntl’ —

_ _ pt2 (pt2) pth (pth) pb
- -h Cora ¥ (x) - nh Cor T(x) + OB )

Using now the relation (3.1), dividing through by hn? and defining the

magnified error e = h'Pe we get, .

—_ —_ — 2 —_ ——

(3.3) -e + 2.¢ -e  +n{Bje, 1. +B 8g e +

— _ 2 (pt2) _ hb (pth)
Bs 8h eit) Th Coro XY (x) h Cot 4 (x)

+ on?)

Introducing now (3.2) and defining,

— 2

(3.4) ° ~ ®n °n * yr F* (x) Coro

(3.3) is transformed in,

— — — pl

b 0) i ®n-1 te °n } “n+l th (Bg 2h-1 ¥ By °n *Bs © 1) B

4 (pl) o(n®
- th (Coup By = Copy) ¥ (x) + (h™) .
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If we solve the boundary value problem of class MN,

’ (p+2)
(3.6) " (x) = g(x) e(x) + Coro (x)

e(a) =e) =0

by the method (2.2), we will obtain equations (3.5) with zeros in the

right hand sides. Then, by(2.8)we get,

2
D b-a), p+ (pth). = h t - +61) ey =nlelr)ve, (BIT sao) yx)

+10 Gz) + on™)

where © |< 1.

In other words,

Pp pt2(5.8) g(x) = y_- 1 ex) + on”?

with the error leading term given in(3.7).

L. The difference correction.

The last formula of Section 3% indicates a way of improving the

approximate solution Vo, by at least two orders in h. To do so, we

have to know how to compute e(x ). Actually, it 1s enough to know

how to compute a quantity ex which satisfies,

10



et = e(x) + O(n°)
n n ’

and that isthe one which we will be able to obtain. The difficulty in

2

solving (3.6) is that we do not know PF (x). Consequently, a
reasonable step is to replace VY (x by a known appropriate value,

r(x ). The only thing we will require from r(x ) 1s that 1t fulfillsn

2 2

(4.1) y (PF ) (x ) = r(x) + s(x) n° + O(n)n n n

where s(x) 1s a sufficiently differentiable function, and

|s(x)] < ¥ a<x<b.

Let us now define the following differende problem,

2

(4.2) Shite en meh th (Bg Of + By OF + By OF) = 0

with

* = *

o €n ©n ¥ “pro rk) .

The problem has a solution since the matrix § = (J + hh B F) being

monotone (for h sufficiently small) has an 1nverse. Moreover,

0 < 0 l< gt

On the other hand, the exact solution of (3.6) satisfies,

11



2

(k.3) ex) +2e(x)-elx,J) +n" (Bye ; +8, 0 +B, 0.)

_ ,Dp+2 (p+2) ~
= h Coro e (x)

d =g e(x )+ C (72) )
n n nn Pte n

The difference of (4.2) and (4.3) gives us an equation for the error

= e¥*

LI €h e(x ) ’

(4 4)nL +2mn -n +h(By (gn, -C, s® )n)
) n-1 n n+l 0 *°’n-1 'n-1 +2 n-1

I (p+2)~
SS ) = =h Coro e (x. )

or

(J +02 BF) n=cC _s@®n-n2c P23)
po po 8

=v

-1 2 -1 oy
Using now the fact that © ~ = (J + h™ B F) is a positive matrix we

get,

| -1 -1; -1,
(4.5) In]= le" vl< evi <7 Tv]

It 1s clear that,

M<c. (xn +nP2E
S “pip p+

12



where £€ 1s a vector with all components equal to one, and

(pt+2)
|e (x)] <_ Ero Xx € [a, Db].
Then

er - ex) <c. ®nt +n? E le)
n n’' = pt2 pt2 In

with

1 (x - a) (b - x)
(J £), = — 5

2h

or by using an uniform bound,

2 p b a 2x _ -

(4.6) lex - exll, < Coup & B+ h E_,,) boa)

which finally gives the desired result,

(5.7) er - e(x_) = 0(n")
. : n .

_ pte
Summarizing, the complete procedure to obtain an h order in the

discretization.error is,

1) Compute y,(n = 0,1,...,N) by the method of order p given by

formula (2.2). The iteration in New-ton method can be stopped when

the residuals are less than K nPte,

2) Compute -n¥ ex by using (4.2), and add this quantity to y,- The
new approximation will hold (3.8).

15



The remaining discussion will deal with some possible choices for the

approximation (4 .1).

The classical choice 1s,

_ ."Db-2 po.
(4.8) r(x) = hh" "ATTY 00 (P = 2q)

By (3.8)

2 p+2 (p+2) pH4 LPH6APT = | +Vprger = FY (x) + 07" s(x) + 0(h" 7)

where we have assumed enough differentiability on y(x).

In this case the quantity hP er 1s called the difference correction
by Fox [1957].

By extension we will keep calling difference correction to any

quantity computed 1n this way, whatever the approximation r(x) be.

In the next Section we will give two more expressions for r(x) in

the case p = 2. We will also show there, that the use of the difference

correction instead of a direct formula with the same order, results in less

computational work for the same accuracy. There are two reasons for this

saving; on one side the formula used in the Newton iteration 1s much simpler

and on the other side, the number of iterations needed 1s smaller. That

is explained since, when the difference correction 1s used, the g of

(2.9) has only to be equal to p + 2, while in the other case 1t has to

be at least p + 4.

14



5. Two expressions for the correction term,

As we are considering the equation,

y' = f(x,y)

inand we want to approximate J ) (x) (p = 2), a natural idea is to consider,

(4) 6° £(x,y(x))
(5.1) yr ( = Ly)

dx

which immediately gives place to two new forms for r(x). we will prove

they are valid expressions, in the sense that they satisfy (4.1).

i)

-2 2
2 =(5.2) r(x) =h "5" f(x,y) .

We want to prove that, if

(5.3) y= y(x) + 10° e(x) + o(n*)
n n n

then,

I 2 85°F (x )y
_4d f(xy(x)) ’(5.4) ya)x 4 flog) —— 00 on?)

dx dx h

If we were using y(x ) instead of Y then (5.4) would be trivially

true, but as Vy, only satisfies (5.3), some manipulations are needed.

4° £(x,7(x)) 05.5) at.Ia0 4 "tf I( 5 _ ft xy 0) g 7
dx

15



On the other hand,

(5.6) 5° £(x vy.) =f(x_ vy.) -2 f(x ) + f(x )’ n’’n n-1’vn-1 n’ Yn + +1’ n+l

and by developing in Taylor series we get,

(5.7) 8° f(x,y.) - (8° vy) f (x,y(x)) + h (vy... -v. 1)

fox, v(x)+ Lr myx Eh(ry - v(x) )E
xy on’ IV n-1 n ntl n’ ’

2 1 2

- 2(y, - y(x ))71 4 5 fy py (x) +h £ (x v(x)

+ od)

The coefficient of fy can be expressed in a more convenient way.

By using (5.3),

2 2 2

(vy P+ Gr, vx)? = aly - v(x)? =

2 ox. NP + (wx) - v(x) + 1° ex)= (v(x, 1) - y(x ) + h e(x 1 + yx) - vx) + n+l +

+0") = (-y'(x Jh + [5 y"(x) + e(x _,)] 07)" +

Lo onix ) + e(x.)] 12)2 4 o(n*)f(y (x dn + [3 yi (x) + exp, +

16



and the final expression 1s,

2 2 2

(5.8) (vyop =v7 + (vq - v(x)" -2(y, - v(x)" =

2 2 4

= 2 (y'(x)) h™ + o(h’) .

Then (5.7) and (5.8) imply,

2 2
S -

© fv) (x_,y(x_)) LE (x )) n+l © nol :12 = xx Vp? 12 y pn?Y\ E77 + 2h

f(x Lyx) (v(x Ze (x ,y(x)) . ox)
© xy Un’ n’’ © n"” “yy nn’ n’’ ° :

2
df 2

= 1 (x_,y(x)) + O(x%)
dx

which proves (5.4).

L
An immediate advantage of using 5°F instead of © y 1s that no

external values are required to compute the differences at points close

to the boundary, avoiding the use of special formulas and information

unrelated with the problem.

Since the values f(x,y) are already computed (from the last

iteration in the solution of (2.2)) no extra work 1s necessary and there is

always less computation in carrying 2nd differences compared with the 4th.

ii) In cases in which f(x,y) 1s easily differentiated, it would be

worth to use the approximation,

17



Y -Y

(5.9) r(x) ~ wx Kp? Vn) + oy Fn? Vn) h f
5

(vy 7 =v.)
n+l n-1

+ f(x ee

yr wy) 2 - f(x 55) f(x,y) .

For instance, if f(x,y) is independent of x,(5.9) becomes,

2
(vy. + =v...)
n-1 n+l

r = _— |

(x) EY y, rE + f(x, y,) (x sy )

If £(x,¥) = g(x) y¥ + h(x) then,

Y -¥
PRL ‘ n+l n-1 2 "

r(x) =g"(x)y +e'(x) —F—— +8 (x )y, + h"(x) +

+ g(x) h(x)
and so on.

The proof that (5.9) is an approximation to + (0) of order at
2

least h goes 1n the same fashion than the proof for (5.2).

6. Numerical results and comparison of different methods.

We will now state two other finite difference procedures, the

Numerov-Milne fourth order approximation, and a truncated versionof

the Fox difference correction. After that, we will compare them with

the two methods described in the previous section and with a shooting

type technique.

The Numerov-Milne fourth order method 1is,

2

(6.1) Jy = =h Bf(x,y) + a

with By = By = 1/12 , By = 10/12 .

18



B can also be written as,

1

B=1 “15 Jd .

The Fox difference correction with fixed fourth order length uses first,

a second order approximation given by the solution of,

— 2 _

(6.2) Jy = -h f(x,y) + a

then one difference correction 1n the form,

2 — 1 _2=

(6.3) Je = =h Fx,y) e - 35 Jy

and finally

— 2

(6.4) vy=y +h e .

Thus, the use of fourth differences makes 1t necessary to compute

external values for v. Fox suggests the use of equation (6.2) to

extrapolate values out of the interval of integration, giving the two

special formulas,

v . =20-y. 4+ ht f(a,q)-1 1 g

(6.5)

y — 2B - J + 1° £(b,p)N+1 N-1 ’ |

19



Equatians (6.1) and (6.2) through (6.5) will be referred to as Methods I

and II, respectively. Methods III and IV will be the ones which stem from

formulas (5.2) and (5.9).

The procedure used for these methods 1s similar to the one used for

Method II, the change appearing in equation (6.3).

For Method III we get instead of (6.3),

2 — 1 —

(6.6) Je = -h” F(x,y) e + Ts JE(x,y) .

Method IV expressed in components 1s,

2  — 1 2 —
6. -C + 2 — = - — +(6.7) n-1 °n 7 n+l h r(x, ¥,) hn 7 12 E LX vy)

tf (x, YF mV, ) rE (pT) mF )Fxy n’/n’ ‘n+l n-1 bh “yy 1 n/\ pe n-1

fn of (x,y) flx,y |.
y nn nn

In spite of its complicated aspect, method IV turns out to be the fastest

and the most accurate whenever the partial derivatives of f-(x,y) are

simple and can be calculated easily.

Now we want to point out a common feature of the methods using the

correction difference. We recall that if Newton's method is used to solve

(6.2) the formulas are (care has to be taken on the boundary points),

20



| |

| (6.8) r(y{)y = yt) + b° £50)
i 2 1)y\-1 (1)(6.9) Ay ) =-(J +h p(y )) r(y'™")

and

i+l i i(6.10) a )_ 3) apt)

In solving either the linear systems (6.3), (6.6) or (6.7) we get

equations which resemble very much those above. In fact, the changes are:

i+1 i 2 i

in the expressions for ry), (6.10) becomes o ) = yo ) - h a. )
and only one iteration 1s required.

The r(y) corresponding to (6.3), (6.6) and (6.7) are respectively,

1 o—

(6.11) r(y) =~-—54Jvy
12h

1 -—

(6.12) r(y) = 55 If(x,y)

(6.15) ry) = - =v. iB .

In (6.13), V stands for the vector obtained from the second term in the

right-hand side of (6.7).

Thus, 1f the difference correction 1s combined with Newton's method

in the earlier stages, practically the same code can be used in both parts.

We have written an Extended Algol program for the B5000 at Stanford which

took advantage of this situation. The program modifications for the

21



different methods were very slight, and the procedure followed in the nu-

merical comparisons has been to introduce these modifications in the most

direct fashion.

Another important observation, from the time consuming point of view,

is that the quantities f(x,y) and F(x,y) do not have to be computed

again 1n order to perform the difference correction since the values cal-

culated for the last iteration of the Newton method are in general good

enough, and no noticeable improvement 1s observed when these values are

recomputed.

We have chosen as our first example a problem which has a known ana-

lytical solution and is completely worked out in Collatz[1960] pp.145-147.

The method used there 1s a combination of shooting and interpolation.

By using the same step length, h = 1/5, we have computed approximate

solutions with the four methods described above.

The problem 1s,

- 1 5 2

(6.14) y'=5vyvs; yO) =% y@)=1

with one solution equal to

: Lh

(6.15) y(x) = ——
(1+x)

0

In all the methods the first guess ,\ ) was constructed from a linear

interpolation of the given data

22



In Table I the values of the five approximate solutions are given; and

in Table II information about number of iterations, computing time, and

deviation from the true solution 1s recorded. The subscripts stand for

the numbering we have given to the different methods. Method V 1s the

one used in Collatz and y(x) is the exact solution (6.15).

TABLE I

0 ly. 00000 I+, 00000 44, 00000 4 . 00000 } . 00000 4 . 00000

0.2 | 2.77778 2.77680 2.77718 2.77719 2.77757 2.79464

0.4 2.04082 2.03995 2.04019 2.04019 2.04054 2.05787

0.6 1.56250 1.56191 1.56202 1.56202 1.56226 1.57519

- 1.0 1.00000 1.00000 1.00000 1.00000 1.00000 1.00003

TABLEII

Numberof

Iterations in 4 3
Newton Part.

lly (x) I x 107 627 x 10-4 | 2.78 x 107% | 293 x 1074Vix) = Yppr.llo 9:15

Computation time |

in seconds y/ 1.70 1.63 1.62 1.63

y In the Burroughs BS000 at Stanford Computation Center.

25



It 1s observed that this 1s a problem in which method IV 1s fairly con-

venient. In fact, (6.13) becomes

r (¥) = - 5 (075 (7, = vq) + B75 72).

Method V 1s included as a matter of reference, but no attempt is made in

comparing 1t with the finite differences type procedures since they are

completely different in principle.

Methods I through IV have been numbered-in order of increasing speed and

accuracy. There 1s no discussion about the accuracy 1n this example.

One word has to be said about the speed. The figures in the third row of

Table II show that the computation time was practically the same in all

four methods with a tiny seven hundreth of a second in favor of the differ-

ence correction. This situation will also be noted in the second problem

presented at the end of this section. However, we can mention some reasons

which lead us to believe that the ordering is also meaningful in so far as

computational speed 1s concerned.

The solution by Newton's method of the system (6.1) 1s more com-

plicated than the solution of (6.2) which is basic for all the methods using

the difference correction. Moreover, as was mentioned in Section k, the

requirements of precision in these latter methods are less than for the

Numerov-Milne method. That implies, that in general less iterations can

be expected for methods II, III, and IV than for method I. That 1s shown

in the first row of Tables II and IV. Of course, one more iteration (the

difference correction) has to be counted, but in general, as can be seen

2



in formulas (6.11), (6.12) and (6.13), this iteration involves less compu-

tation than the one corresponding to the regular Newton formulas. That 1s

more noticeable after recalling that ff and F do not have to be recomputed

for this correction.

A last remark 1s that all the linear systems involved in this discussion

are tridiagonal, and a simplified Gauss-type elimination procedure can be

used, saving both computation and storage (see, for instance, Henrici [1962]

pp. 351-354, or D. H. Thurnau [1963]).

To finish with this section, we present another example which behaves

in the same fashion as the first one.

" -2y
y' = -e ;  y(1)=0, y(2) = 1n(2) .

The exact solution 1is y(x) = In (x) .

The step length used was h = 1/16, and in Tables III and IV we give the

numerical results corresponding to the nodal points x = 1, 1.25, 1.5, 1.75.

Since

fy)= —e 0 5 Ly)=2ef(xy)X,Y) = —e ; 5 X,) = 2 e ) yy X,Y) = -ef (x,y)

(6.13) becomes

- 1 — 2 — — — °C
7) -T 12 fylxy¥, ihn £ (x9) } 0-5 pu1n7i¥yo1)
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| TABLE III

| 1 0 0 0) 0 0
|

i 1.25 | 0.223143551| 0.2231L43676 | 0.2231L43656 | 0.223143656 | 0.2231L43525

1.50 | 0.405465108 | 0.LOGL6522% | 0.405465209 | 0.L4O5465209 0. 405465088

1.75 0.559615788 | 0.559615853 | 0.559615847 | 0.5596158k7 | 0.559615778

TABLE IV

Number of

Iterations 1n 4 3 3 3
Newton Part.

Computation time xin seconds L.24 4.17 4.20 13
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We note again that methods II, III, and IV are about the same in speed

and somehow faster than method I. Methods II and III gave practically the

same results when h was fairly small. There is a noticeable increase in

accuracy when passing from method I to IV.

‘f. Boundary conditions of Sturm-Liouville type.

In the more general problem (1.1) the conditions on f(x,y) are the

same as 1n the problems of class M discussed before. For the constants

a, 8,7, © we have the following requirements,

(7 .1) 0< a B, 7,88; ay+ad+pBy>0 .

- Under these conditions this problem is also of monotonic type and it has

an unique solution (Schrdder [19561]).

Now the finite difference procedure has to be modified in points close

to the boundary.

To clarify the ideas we will only consider in detail the case p = 2,

and the corresponding difference correction. For n=1...DN-1 the

approximation 1s the same as described in (2.2) (with Po = B, = 0, By = 1).

Observe that now Yo and Vy are also unknown. To handle these two new

unknowns we need two more equations.

By using the formula,

yx +h) -y(x _h) 1 2 wu =
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(without - z he ” (x : : LL /z vy (x) ) combined with the first boundary condition (1.1")

we get at x = a,

2h

(7 .3) “VF ayy -A) yy

By applying (2.2) at x = a (n = 0) we get,

“Vi tey, -y, = - °F n°
-1 0) 1 0

and by using (7.3) and multiplying through by B,

2

(7.4) (28 + 2ah) Vo - 28 y, =-BTfyh + 2hA

Similarly, at x = b (n = N),

(7.5) 26 vy + (26 + 2y h) y. =2B h -3f he
N 1 N N

With (7.4), (7.5) and the N - 1 equations (2.2) we have now as many

equations as unknowns. On the other hand the exact solution satisfies,

(7.6) (26 + 20 h) y(x,) - 28 y(x,) =

2 L IV

- B fxg v(xg)) nh + 2h A - Sn yo (xp)

5
h

“BY (x) + on’)
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: and,

(7.7) (25 + 2h 7) y (xy) - 2% y (x 1) =

Afx, ¥ (xg) ) + 20 B + 8 z yxy) - = 0’ 55 (x) + on’)

Now, by taking the corresponding differences we get for the error of discre-

tization at the boundary points,

(7.8) (2 + = tg he) e, ~2e = 8 (n° M+ nek)

(2 + Sy +g he) eT 28 = CH (n° M, + ndek)

Together with (7.8) we have the equations for the inner points,

(7.9) -e, 1 t 2 e - e 1 t he g e, = 6 (p32 K + ~ G Z) (Henrici (1l.c.) p.375)

or 1Nn matrix form,

(7.10) se =Db

where,

(7.11) s.. =2 +n g i= 1...N81
ii i
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2
g h

g = 1 + a h + 2
00 B 2

2
h

NN O 2

Si,1¢1 = Oi-1,1 © 71 =U ey N

and

+2 L

b, = (h" K+ h GZ) T=1...0Nl

_ oe’ (ndteKk 4 .5M
(7.12) by = 8; (h > Th” 3)

Ce’ (pte Kk pMby = Oy (07° 3 5)

If B and © are different from zero then S 1s irreducible, otherwise

we can skip the corresponding equation and the resulting matrix will be

irreducible. Moreover,

i) 5 <0 if] i,j=0...N

N
CL o ah 2
11) Sa: = a tegah >0

3-3? fo 03

N

3. S.. = he g.> 0: iy i=
J=0

N

Y, Sys = Lh + gy b> 0 .
j=0 )
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Consequently S 1s monotone.

Now we will try to find a bound for the discretization error.

(7.13) 1+ P, -1 0

1 + Pp 1

S = >

0 -1 1 + Py

A Vv -
> = 9S

vr 1 + mh

-where

T
v =4(0, 0 .. ., 0, -1)

m= 7/8 (a, 7 > 0)

and

1 -1 0

-1 2 -1 OO)

A= LJ LJ [J

-1 2 -1

OO 0 -1 2
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We know that

0<st< st

~1

Let's compute a bound for S |

1 Chi Cie
Sg T=

Cop Cao

where the C5 are blocks with the same sizes as the corresponding ones
in § .

From Householder [1953], p. 78, we obtain for 31

1
C ee

2 = 1 4m - ary

-1 -1

Chr = C0 (Cy SE.

(7.1%) T
Cp =a

a1 Oc,, =A (I+ & )

with ayy being the elements of A
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It 1s easy to show that,

/ N-1 N-2 ...1
N-1 N-1 N-2 ... 1

At =| : co

1 1 |

Using this result in (7.14) we obtain,

oc _ 1 _1
22 = 1+ mh -1 nh

1

Cor =m (Ls eed

_1 a.

(C1104 = a. + — < (N-1) + =

Then, le] < gs? PI

N-1
ois = 1 1

lel, <b, lm Legl+ i + =) rn [o| + = |p|

i=0, ....N1

1 N=-1
ely< a Clogl + Toph + 2 [ol]

J=1
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N-1
2 +2

Since (N-i + =) y |b.| < (W-1) (hk + ~ G Z]
mh’ | J

J=1

q 2
< h* K' +h G'"Z (b-a)

oo LX atl 2 pe
and [bol [¥-i + =] <n K' + h® M

we finally obtain,

70) lel < 2n® [6" z (b-a) + M']+ 2K'hY[1+n]

which is the result (2.8) corresponding to this problem. For the interior

points the treatment of Section 4 is carried over in this case, the only

changes appearing at the boundary points. Consequently (4.2) is used for

n=l . . N-1, and also at 0, N in order to construct the corresponding

Co 111 2 in
modified equations. We also need y (x) = t(x) + h™ u(x) + 0 (h")

with t, u smooth. Now we are able to define the two boundary equations

to be added to (4.2),

2 gn” h+ * ¥ = =

(2hax+2 8 + h™ B g(0))e¥ 2 pet = r(0) +B 3 t (0)

(7 .16)

2 LB 2 oh
(2hy + 26 + h™dg(N)) eX = 26 ef| _ 7; 0 r() - 2 t (N) .

3h



The equivalent of (3.6) 1s,

(x) = g(x) e(x) + 6,3 (x)

(7.17) a ela) -B e’ (a) = : vy" (a)

0

y e(b) +8e'() = gy (b)

whose solution satisfies (4.3) at the interior mesh points and

(2h + 2 8 + h° p g(0)) e(xy) - 2 B e(x)) =

2 4
h h h " h hy), =: cp Hy Meg) + Baym (x) + BME)

10 Bf

(2 7h +25 + 1° 8 (N)) e(x,) - 2 6 ef )J N N1

EECA CARECAS CT (x)

at the boundary.

From here we obtain the 1 equations,

2
h

(1+ Zn+ 5 g(0)) ng - ny =
L 3 :
h ~ h h I) =

2 ly 3 : 4 _
Arshr zedny ty =--1 sgt uly) -g7e (x)
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But now the n system we have obtained 1s of the form,

(7.20) Sn =v

where v has components with the same orders in h as b in (7.10).

Hence the same result (7.15) 1s obtained for nll, (with different constants),

2

hoa lhll, = o(x®)

which finally implies,

(7.22) e¥ - e(x ) = 0(h?)
n n )

Consequently, in this more general problem, the difference correction,

being applied not only to the differential equation, but also to the

boundary conditions, improves the solution 1n two orders in h, as in

the simpler case.

8. Numerical example for the Sturm-Liouville case.

Equation (6.1%) with the boundary conditions,

y(0) = 2 y' (0) = 20

(8.1)

2y(l) +3 y"(1) =-1

was integrated by using a suitable modification of method III. Since this
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problem has the same solution (6.15) as before we only list the new results.

This time, the first guess (a linear function) turned out to be fairly bad,.

forcing several Newton iterations before reaching the required precision.

Step (h) |Number of comput. € = | y(x) - Yapr lo € after
| Newton iter. Time (Sec) diff. correc.(before diff. correc.)

1/5 5 2.6 1.1 x 10 -1 9.6 x 10-3

1/20 6 8.1 7.8 x 10-3 L x 10 =>

bX}



Acknowledgments

I want to express my gratitude to Professor Gene Golub, of Stanford

University, who called my attention to this problem and who has guided. this

research always with patience and kindness.

I also give my sincere thanks to the authorities and staff of the

Stanford Computation Center who have made it possible for me to complete

this work.

REFERENCES

Bickley W. G. Michaelson S., and Osborne M. R. [1960] "On finite-difference

methods for the numerical solutionof boundary-value problems"

Proc. Roy. Soc. London, A262, pp.219-236.

—-Brown, Robert R.[1962] "Numerical solution of boundary value problems using

nonuniform grids" J. Soc. Indust.Appl. Math. 10 pp. 475-495.

Collatz L.[1960] The Numerical Treatmentof Differential Equations,

3rd. Edition, Springer, Berlin.

Fox, L. [1957] The Numerical Solution of Two Points Boundary Value Problems

in Ordinary Differential Equations, Oxford Univ. Press.

Fox, L. [1962] Numerical Solution of Ordinary and Partial Differential

Equations, Pergamon Press; Oxford.

Fox, L. and Goodwin, E. T. [199] "Some new methods for the numerical

integration of ordinary differential equations' Proc. Camb. Phil. Soc.

45 pp. 373-388.

Haselgrove, C. B. [1961] "The solution of non-linear equations and of

differential equations with two-point boundary conditions" Comp. J.,

4 pp. 255-259.

38



Henrici, Peter [1962] Discrete Variable Methods in Ordinary Differential

Equations, Wiley, New York.

Householder, Alston S. [1953] Principles of Numerical Analysis, McGraw-Hill

Book Co., New York.

Mayers, D. F. [1964] "The deferred approach to the limit in ordinary differ-

ential equations" Comp. J., 7 pp.54=-57.

Milne, William E. [195%] Numerical Solution of Differential Equations,

Wiley, New York.

P.I.C.C. Symposium on the Numerical Treatment of Ordinary Differential

Equations, Integral and Integro Differential Equations [1960].

Birkhauser, Stuttgart.

Schroder, Johann [1956] "Uber das Differenzenverfahren bei nichtlinearen

Randwertaufgaben" I, Z. angew. Math. Mech., 36, pp. 319-331;

II, pp. 443-455,

Thurnau, Donald H. [1963] "Algorithm 195, Bandsolve" CACM, 6 p. 441.

Todd, John [1950] "Solution of differential equations by recurrence

relations" MTAC, 4 opp. 39-Lk.

Varga, Richard S. [1962] Matrix Iterative Analysis, Prentice Hall,

New Jersey.

59




