Chapter 9

Numerical Ordinary
Differential Equations -
Initial Value Problems

The problem to be considered in this chapter is to solve the initial value
problem (IVP):

dy
y(xo) = Yo (9.1)
where f: R x R™ — R"™ satisfies the Lipschitz condition in y, i.e.,
£ (2, 91) = f(@,92)|| < Lllyr — 2| (9.2)

for every y1,y2 € R™.
Remarks. (a) The Lipschitz condition is sufficient to prove that the IVP (9.1)
has a unique solution near z.

(b) Any higher-order ordinary differential equation

m m—1
aty _ f (x,y, dy d ) (9.3)

dxm de’ " dgm—1
can be reduced to a first-order system. This is done simply by letting

dyl dym—l
= =, Ym = 94
U1 Y, Y2 dz ’ Y dr ( )

and by considering the differential equation associated with (y1, ..., ym)7.
Definition 9.0.1 Let x¢p < x1 ... be a sequence of points at which the solution
y(z) of (9.1) is approzimated by the values y1,y1,.... Any numerical method
that computes y;+1 by using information at x;, x;—1,...,

ZTi—k+1 @S called a k-step method.
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Example. The simplest 1-step method for solving (9.1) is the so called Euler
method

Ynt+1 = Yn + hnf(mna yn) (9'5)
where x,+1 = T, + h, and h,, is the step size. Several questions are typical
topics in the numerical ODE theory — What is the global e,, := y(z,) — yn?

How is it constituted? How does it propagated? How does the step size affect
the error?

9.1 Linear Multi-step Methods

Definition 9.1.1 By a linear (p + 1)-step method of step size h, we mean a
numerical scheme of the form

p p
Ynt1 = Zaiynfi +h Z bifr—i (9.6)
=0 i=—1

where x, = xo + kb, fr—i := f(Xn—i,Yn—i), and af, + bf, #0. If b_1 = 0, then
the method is said to be explicit; otherwise, it is implicit.

Remark. In order to obtain 4,41 from an implicit method, usually it is neces-
sary to solve a nonlinear equation. Such a difficulty quite often is compensated
by other more desirable properties which are missing from explicit methods.
One such a desirable property is the stability.

Obviously, the choice of the coefficients a; and b; should not be arbitrary.
The choice is made with at least two concerns in mind:

(a) The truncation error made in each step should be as small as possible.

(b) The propagation of errors in overall steps should be as slow as possible.

Definition 9.1.2 The difference operator L associated with the linear (p + 1)-
step method (9.6) is defined to be, with a_1 = —1,

Lly(x),h] == Y agy(e+ (p—h) +h Y biy'(x + (p — i)h). 9.7)

i=—1 i=—1

Definition 9.1.3 When applying the scheme (9.6) to an initial value problem
(9.1), we say the local truncation error at xp+1 18 Liy(xn—p), h].

Remark. Assume y,,—; = y(z,—;) for i =0,...,p. Then

L[y(xn,p), h] = hb1[f(Tni1,y(@nt1)) — f(Tni1, Ynt1)]
+ a—1(Y(Tnt1) = Ynt1)- (9.8)

Obviously, if the scheme is explicit, then

|L[y(Tn—p+1), Bl = [Y(Tn+1) — Ynt1] (9.9)
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indeed represents the error introduced by the scheme at the present step when
no errors occur in all previous steps. If the scheme is implicit, then, by the
mean value theorem,

0
|L[y(Tn—p+1), h]| = |hb—1a—£($n+1,nn+1) +a-1| [y(Znt1) = Yntal-  (9.10)

Upon expanding the right hand side of (9.7) about x by the Taylor series
and collecting the like powers of h, we have

Lly(z), h] = coy(x) + crhy™ (z) + ... + coh%y D (z) + ... (9.11)

where

p
o = Y a, (9.12)

i=—1

p—1

cp = Z (p - i)ai + Z b, (913)

i=—1 i=—1

1 2t ) 1 2 N
G = 7 Z(p—z)qaﬁm S p—i) " big =2 (9.14)
T Ti=—1

i=—1

Definition 9.1.4 A linear multi-step method is said to be of order r if ¢y =
c1=...=¢ =0, but c,1 # 0 in the corresponding difference operator , i.e.,
If Lly(), h] = crpry" ) ()71

Definition 9.1.5 A linear multi-step method is said to be consistent if and only
if its order v > 1.

By integrating both sides of (9.1) from z,, to x,+1, we obtain
Tn41
) = yan) = [ fayl@)de. (9.15)
Tn

Suppose we have already known (zn,yn), (Tn—1,Yn-1),- -+, (Tn—p,Yn—p). We
may approximate f(z,y(z)) by a p-th degree interpolation polynomial py(z).
In this way, we obtain an explicit scheme

n

Tn41 p
Yn+1 = Yn + / pp(ﬁ)dﬁ =Yn + Zﬂpifnfi (916)
r =0

where b; are the quadrature coefficients. Such a method is called an Adams-
Bashforth method. Similarly, if we also include (Zp41,yn+1) in the data of
interpolation, then we end up with an implicit scheme

p
Yn+1 = Yn + Z ﬂpifnfi (917)

i=—1
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which is called an Adams-Moulton method.
Examples. (a) Some Adams-Bashforth methods:

0 1 2 3 4
Boi 1
2015 3 -1
1235; 23 -16 5
2433; 55 -59 37 -9

72084 | 1901 -2774 2616 -1274 251
(b) Some Adams-Moulton methods:
-1 0 1 2 3

Boi 1
201 1 1
120, 5 8 -1
2433, 9 19 -5 1
720084; | 251 646 -264 106 -19

9.2 Stability Theory of Multi-step Methods

Example. Suppose we want to apply the midpoint rule
Yns1 = Yn_1 + 2 f (9.18)
to the initial value problem
y' =-y,y(0) =1 (9.19)

The exact solution is y(x) = e~®. The numerical scheme will produce a finite
difference equation

Yn4+1 = Yn—1 — 2hyn (920)
To solve (9.20) we try a solution of the form

Yn = 1" (9.21)

Then 7 is a zero of the polynomial r2 + 2hr — 1 = 0. Therefore, the general
solution of (9.20) is given by

Yn = a17] + qary (9.22)

with r; = —h & v/h? + 1. Initial condition implies a1 + as = 1. We need one
more value y; to start the scheme (9.18). Expressing a; and as in terms of y1,
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we have

ap = T2—y1:\/h2+1+h+y1 (923)
ro —T1 IhZ+1 '

0y = LTV —h+ VR +1—y

L= T2 VR +1 '

We note that |ri| < 1 and |rg| > 1. Therefore, unless y; is chosen such that

as = 0,y, grows unboundedly and, hence, deviated from the exact solution

regardless of the step size. Such a phenomenon is called numerical unstability.
Consider a general finite difference equation

(9.24)

P
Z AiYn—i = Pn (9.25)

i=—1

where a; are constants independent of n,a_1 # 0,a, # 0, and n > p+ 1. Given
starting values ¥o, ..., ¥p, & solution of the difference equation is a sequence of
value {y,}5%, that satisfies the equation (9.25) identically for alln =p+1,....
The general solution of (9.25) can be written as y,, = §n, + ¥, where ¢, is the
general solution of the homogeneous equation

p
> aiyn1=0 (9.26)

i=—1

and v, is a particular solution of (9.25). To determine §,, we try g, = r™ for
some appropriate r. Then we find r must be a root of the polynomial

P
P(r) := Z air?™ = a_1rPT 4 agr? + ... + a,. (9.27)

i=—1

Let the roots of P(r) be denoted by 7, r1,...,7p. Then
(a) Suppose all the roots of P(r) are distinct. Then 77,7 = 0,...,p are
linearly independent in the sense that

P
a;jri =0 for all n = «a; =0 for all j. (9.28)
3=0

Hence, the general solution g, of (9.26) is given by
On = Zajr? (9.29)

where «; are arbitrary constants to be determined by the starting values.
(b) Suppose some or all the roots of P(r) are repeated. For example, suppose
rg = r1 = 72 and suppose the remaining roots are distance. Then it can be
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proved that 7§, nri, n(n — 1)7‘3,7"?,...,7";‘ are linearly independent. In this

case, the general solution ¢, is given by

P
n = agry + oqnry + aon’ry + Z a;ry. (9.30)
=3

Remark. We note that ¢, is bounded as n — oo if and only if all roots of
P(r) = 0 have modulus |r;| <1 and those with modulus 1 are simple.

Definition 9.2.1 The first and the second characteristic polynomials associated
with a linear multistep method

p p
Z A Yn—i + h Z bifnfi = 07 (931)

1=—1 1=—1

are defined, respectively, by

p .
Z a;r?™" (9.32)

i=—1

Pi(r)

p .
> b (9.33)

i=—1

PQ(’I")

We say the method is zero-stable if and only if all roots of Pi(r) have modulus
<1 and those with modulus 1 are simple.

Remark. In a (p+1)-step method (9.31), totally there are 2p+ 3 undetermined
coefficients (a_; = —1). Thus, it appears that we may choose these numbers so
that cp = ... = cgp+2 = 0. Indeed, such a choice is always possible. Therefore,
the maximal order for an implicit method is 2p+ 2. However, the maximal order
method is often useless because of the well known Dalquist barrier theorem:

Theorem 9.2.1 Any (p + 1)-step method (9.31) of order > p + 3 is unstable.
More precisely, if p is odd, then the highest order of a stable method is p + 3; if
p s even, then the highest order of a stable method is of order p + 2.

Remark. The simpson’s rule is the best zero-stable 2-step method that attains
the optimal order 4.
We now apply the multistep method (9.31) to the text problem

Y =Xy (9.34)
where A € R is a fixed constant. Recall that the local truncation error 7,41 at
Zp+1 is defined by

p

Tpir =Y ay(mni) +h Y bidy(zn ). (9.35)

i=—1 i=—1
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Due to the floating-point arithmetic, we often will introduce round-off errors in
applying the scheme (9.31). Suppose

P p
RnJrl - Z aignfi +h Z bif(xnfiagnfi)' (936)
i=—1 i=—1
Then the global errors &, := y(x,) — §n—; satisfy the difference equation
p p
Z Ai€n_i + Ah Z bi€n_i = n+1 — Rn+1. (937)
i=—1 i=—1

It is reasonable to assume that T, 11 — R, 41 =~ ¢ = constant. According to the
theory we develop earlier, a general solution of (9.37) would be

P
. ¢
én = oart + ————, (9.38)
! ]Z::o B D1 bi
if we assume all roots rg,...,r, of the polynomial Y% _ | (a; + Ahb;)rP~% are

distinct.

Definition 9.2.2 Let h := Ah. The polynomial

P

[ 7)== Pi(r) + BPa(r) = D (ai + Rbi)rP ™" (9.39)

1=—1
is called the stability polynomial of the multistep method (9.81).

Definition 9.2.3 The linear multistep method (9.31) is said to be absolutely
stable for a given h if all roots rj of [[(r, h) satisfies |r;| < 1. The interval S is
called the interval of absolute stability if the method is absolutely stable for all
hes.

Remark. It can be proved that every consistent, zero-stable method is abso-
lutely unstable for small positive h.
Example. Consider the Simpson’s rule. Then Py (r) = —r2 +1, Py(r) = %(rz +

4r +1),[I(r,h) = (% - 1) r? + $hr + (1 + %) The roots of [[(r, ) can be
checked to be

1 = l+h+0(h?) (9.40)
1—
ry = —1+§h+0(h*2). (9.41)

Hence, if h > 0, then 7, > 0 and 7o > —1. If A < 0, then r; < 1 and ry < —1.
In other words, Simpson’s rule is no where absolutely stable.
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9.3 Predictor and Corrector Methods

A predictor-corrector (PC) method consists of an explicit method which is used
to make an initial guess of the solution and an implicit method which is used to
improve the accuracy of the solution. Generally, there are two ways to proceed

a PC method: One is to repeat the correction until a preassigned tolerance

||y7(ff11) —y,(fllH < € is achieved. But more often, the PECE method is preferred.

Definition 9.3.1 Let P stand for the predictor

" "
> aiyni+hY bifai=0. (9.42)
=0

i=—1

Let C' stand for the corrector

p p
> iyn-i+h D bifai=0. (9.43)

i=—1 i=—1

Let m be a fized integer. Then by a P(EC)™E method we mean the following
scheme:

p” 2
i = e nd b, (9.44)
=0 =0
Fors = 0,....m—1, do (9.45)
(s)  _ (s) 9.46
fn+1 = f(xn+1ayn+1) (9.46)
) P P
gD = al RS b+ hbo 1), (9.47)
i=—1 i=0
(m) _ (m) 9.48
fn+1 = f(xn+1ayn+1)' (9.48)

The selection of the pair of the predictor and the corrector should not be
arbitrary. Rather

Theorem 9.3.1 Let r* and r be the order of the predictor and the corrector,
respectively.

(1) If the correction to convergence is used and if v* > r, then the principal
local truncation error of the PC method is that of the corrector alone. The
properties of the predictor is immaterial.

(2) If P(EC)™ method is used and if r* =r —q,0 < g < r, then the local
truncation of the PC method is

(a) that of the corrector alone if m > q+1; or

(b) of the same order as the corrector (but the error constant is larger) is
m = q; or

(c) of the form O(h™=9+tmT1) if m < g — 1.



9.4. RUNGE-KUTTA METHODS 9

Remark. From the above theorem, we conclude that the predictor should not
be any better than the corrector. In practice, it is believed that the choice
r* =r with m = 1 is the best combination.

An important advantage of the PC method is the ease of estimating local
truncation errors. Suppose 7* = r. Then under the local assumption, we know

Y(@ni1) — yO = cr BT L o(ht?) (9.49)
Y1) — Y0 = et Ty 4 0(R ), (9-50)

It follows that
y =y = (e = erp)RT YD L 0(RTH). (9.51)

Therefore, the global error y(z,+1) — yff_i)l is estimated by

Cr4+1
Y(@ni1) -y~ L (yf{ﬂ - yfﬂl) . (9.52)
Cry1 — Cr41

Such an estimate of error is called the Milne’s device. Note the right hand side
of (9.52) does not involve any high order derivative calculation. Note also the
local assumption is not realistic in practice. Thus the estimate should be used
with conservation.

Example. The following is a 4-th order Adams-Bashforth-Moulton pair;

Unt1 = Un+ 2 (55fn — 59fn-1+ 37 fn—2— 9fn_s), Tni1 ~ BEhSY®)
Ynt1 = Yn+ o (9fnt1 +19F0 = 5fno1 + foo2), Tny1 ~ —%h5y(5)~

It can be shown, analogous to the preceding section, that the stability polyno-
mial for a P(Ec)™E method is given by

[T (nB) = Pi)+RPs(r) + Ma(B)(P; () + P (1))  (9:53)
P(EC)™E
where _ _
(hb—1)™(1 — hb_1)
1-— (%,1)’” '
With somewhat more complicated analysis, one can show that the PC method
is absolutely unstable for small A > 0.

My () =

(9.54)

9.4 Runge-Kutta Methods

We have seen that higher order of accuracy can be attained by appropriately
selected coefficients in a multistep methods. But the disadvantage is that a
multistep methods requires additional starting values. Runge-Kutta methods,
in contrast, preserves the one-step nature but sacrifices the linearity.
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Definition 9.4.1 An R-stage Runge-Kutta method generally is defined by

Ynt1l = Yn + hd(Tn, Yn, h) (9.55)
where
R
¢(z,y,h) = Zcrkr, (9.56)
r=1
R
ke = f(z+hap,y+hd buks),r=1,... R, (9.57)
s=1
R
ar = Y by (9.58)
s=1
Such a method usually is represented by an array
al| B
c (9.59)
where B = (bys), ¢’ = [e1,...,cr],a = [a1,...,ar]T. If B is strictly lower

triangular, then the method is said to be explicit; otherwise, it is implicit.

Remark. Note an R-stage Runge-Kutta method involves R function evalua-
tions per step. Each of the functions k,.,r = 1,..., R, may be interpreted as
approximation to the derivative y’(z) and the function ¢ as a weighted mean of
these approximations.

Remark. An important application of Runge-Kutta methods is to provide
additional starting values for a multistep predictor-corrector algorithm. If an
error estimator is available, then a Runge-Kutta method is easier to change the
step size than a multistep method.

Remark. Recall the initial value problem

y' = f(2,9),y(@n) = y(zn). (9.60)

We can calculated the Taylor series

h2
Y(n 1) = y(n) + hy®(en) + Sry® (@n) + .. (9.61)

Thus by defining

h df
= — ... .62
we see that the Taylor algorithm of order p falls within the class (9.55).
If we choose values for the constants ¢;, a,, b.s such that the expansion of the

function ¢ defined by (9.56) in powers of h differs from the expansion for ¢r(z, y)
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defined in (9.62) only in the p-th and higher powers of h, then the method clearly
has order p. Although there is a great deal of tedious manipulation involved in
deriving Runge-Kutta methods of higher order, some well known methods have
already been developed. It is quite often that given a specific order, there are a
2-parameter family of Runge-Kutta methods all of which have the same order
of accuracy.

Examples. Two fourth-order 4-stage explicit Runge-Kutta methods

0 ]0
1/2[1/2 0
/210 1/2 0 (9.63)

1 /0 0 1 0
1/6 2/6 2/6 1/6

010

1/311/3 0
2/3-1/3 1 0 (9.64)
1|1 110

| 1/8 3/8 3/8 1/8
Example. The unique 2-stage implicit Runge-Kutta method of order 4:
1/2++/3/6 1/4 (1/4+/3/6

1/2—-+/3/6 | (1/4—+/3/6 1/4 (9.65)
| 1/2 1/2

Example. A 3-stage semi-explicit Runge-kutta method or order 4:

olo o0 o0

12| 1/4 1/4 0

A (9.66)
1/6 4/6 1/6

Theorem 9.4.1 (Butcher’s attainable order theorem)
(a) Let P*(R) be the highest order that can be attained by an R-stage explicit
Runge-Kutta method. Then

(3] 4]5]6]7|8]9] >10
FIATFI 36161 7 ZR-2

(b) For any R > 2, there exists an R-stage implicit Runge-Kutta method of
order 2R.

We now consider the absolute stability property of Runge-Kutta methods.
We apply a Runge-Kutta method to the test problem iy’ = \y. Define the global
error €y = Y(xp) —Gn, b := A,k = [k1,...,kr]T and E:=[1,...,1]T. We first
observe that

R |1]2
> (9.67)

3
P'R)|[1]2]3

k = \ey, + hBk, (9.68)
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or equivalently, L
k= \I —hB) teyn. (9.69)

Thus, analogous to (9.37), we have
Ens1 = &n+he (I—hB) led, (9.70)
+ (local error due to truncation and round-off) (9.71)

The Runge-Kutta method is said to be absolutely stable on the interval (o, B) if

ri= 1—|—RT(I—h_BAe (9.72)
satisfies |r| < 1 whenever h € (o, 3). Note that, in contrast to the multistep
method, the stability of a Runge-Kutta method is determined by only one root.
In fact, it can be proved that

Theorem 9.4.2 For R=1,2,3,4, all R-stage explicit Runge-Kutta methods of
order R have the same interval of absolute stability. In each of these cases,

B 1., 1. 5
r=lthtghT (9.73)



9.4. RUNGE-KUTTA METHODS

13

Examples.
Euler Rule Midpoint Rule Simpson’s Rule Trapezoial Rule
Ynt1=Ynthfn | Uni1=Un-142hfn | Yns1=Un1+ 5 (a1 +4FntFar1) | Uns1=vn+5(Fat Fas1)

a_q -1 -1 -1 -1

ap 1 0 0 0

ay 1 1 0
[ 0 0 1/3 1/2

bo 1 2 4/3 0
by 0 1/3 1/2

r 1 2 4 2

p+1 1 2 2 1

Figure 9.1: Examples of Multi-step Methods.




