Numerical Solution of Ordinary
Differential Equations

E. Sili

April 3, 2013



Contents

Picard’s theorem

One-step methods

2.1 Euler’s method and its relatives: the -method . . . . ... ... ... ... ....
2.2 Error analysis of the -method . . . . . . . .. .. ... ... .. ... . ...
2.3 General explicit one-step method . . . . . . . ... L oL Lo
2.4 Runge-Kuttamethods . . . . . .. .. ... o
2.5 Absolute stability of Runge-Kutta methods . . . . . . ... .. ... .. ......

Linear multi-step methods
3.1 Construction of linear multi-step methods . . . . . . . ... ... ... ... ....
3.2 Zero-stability . . . . ...
3.3 ComsiStency . . . . . . ... e
3.4 Convergence . . . . . . ... e e
3.4.1 Necessary conditions for convergence . . . . . . . .. ... ... ...
3.4.2 Sufficient conditions for convergence . . . . . .. ... ... ...
3.5 Maximum order of a zero-stable linear multi-step method . . . . . ... ... ...
3.6 Absolute stability of linear multistep methods . . . . . . . ... .. ... ... ...
3.7 General methods for locating the interval of absolute stability . . . . . ... .. ..
3.7.1 The Schur criterion . . . . . . . . . .. Lo
3.7.2 The Routh-Hurwitz criterion . . . . . ... .. ... ... ... ...
3.8 Predictor-corrector methods . . . . . . . ... o o
3.8.1 Absolute stability of predictor-corrector methods . . . . . .. ... ... ..
3.8.2 The accuracy of predictor-corrector methods . . . . . . .. ... ... ...

Stiff problems

4.1 Stability of numerical methods for stiff systems . . . . . . ... ..o
4.2 Backward differentiation methods for stiff systems . . . . ... .. ...
4.3 Gear'smethod . . . . . . L

Nonlinear Stability

Boundary value problems

6.1 Shooting methods . . . . . . . . .. L
6.1.1 The method of bisection . . . . . . . . . .. .. ...
6.1.2 The Newton-Raphson method . . . . . .. .. ... ... ... .....

6.2 Matrix methods . . . . . . ...
6.2.1 Linear boundary value problem . . . . . . . .. ... ... L 0L,
6.2.2 Nonlinear boundary value problem . . . . . . ... ... ... ... .....

6.3 Collocation method . . . . . . . . . .. ..

-

—
O WO IR

—_

22
24
26
29
30
33
37
43
45
45
46
48
50
52

53
54
57
58

59



P reface. The purpose of these lecture notes is to provide an introduction to compu-
tational methods for the approximate solution of ordinary differential equations (ODEs).
Only minimal prerequisites in differential and integral calculus, differential equation the-
ory, complex analysis and linear algebra are assumed. The notes focus on the construction
of numerical algorithms for ODEs and the mathematical analysis of their behaviour, cov-
ering the material taught in the M.Sc. in Mathematical Modelling and Scientific Compu-
tation in the eight-lecture course Numerical Solution of Ordinary Differential Equations.

The notes begin with a study of well-posedness of initial value problems for a first-
order differential equations and systems of such equations. The basic ideas of discretisation
and error analysis are then introduced in the case of one-step methods. This is followed
by an extension of the concepts of stability and accuracy to linear multi-step methods,
including predictor corrector methods, and a brief excursion into numerical methods for
stiff systems of ODEs. The final sections are devoted to an overview of classical algorithms
for the numerical solution of two-point boundary value problems.

Syllabus. Approximation of initial value problems for ordinary differential equations:
one-step methods including the explicit and implicit Euler methods, the trapezium rule
method, and Runge-Kutta methods. Linear multi-step methods: consistency, zero-
stability and convergence; absolute stability. Predictor-corrector methods.

Stiffness, stability regions, Gear’s methods and their implementation. Nonlinear stability.

Boundary value problems: shooting methods, matrix methods and collocation.
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1 Picard’s theorem

Ordinary differential equations frequently occur as mathematical models in many branches
of science, engineering and economy. Unfortunately it is seldom that these equations have
solutions that can be expressed in closed form, so it is common to seek approximate
solutions by means of numerical methods; nowadays this can usually be achieved very in-
expensively to high accuracy and with a reliable bound on the error between the analytical
solution and its numerical approximation. In this section we shall be concerned with the
construction and the analysis of numerical methods for first-order differential equations of
the form

y = f(z,y) (1)

for the real-valued function y of the real variable x, where 3y’ = dy/dz. In order to select
a particular integral from the infinite family of solution curves that constitute the general
solution to (1), the differential equation will be considered in tandem with an initial
condition: given two real numbers zy and yp, we seek a solution to (1) for z > xg such
that

y(zo) = yo - (2)
The differential equation (1) together with the initial condition (2) is called an initial
value problem.

In general, even if f(-,-) is a continuous function, there is no guarantee that the
initial value problem (1-2) possesses a unique solution'. Fortunately, under a further mild
condition on the function f, the existence and uniqueness of a solution to (1-2) can be
ensured: the result is encapsulated in the next theorem.

Theorem 1 (Picard’s Theorem?) Suppose that f(-,-) is a continuous function of its
arguments in a region U of the (x,y) plane which contains the rectangle

R:{(%y)¢$0§$§XM, ’y_yOISYM}a

where Xpr > xg and Yy > 0 are constants. Suppose also, that there exists a positive
constant L such that

[f (@, y) = f(z,2)] < Lly — 2| (3)
holds whenever (x,y) and (x,z) lie in the rectangle R. Finally, letting

M = max{|f(z,y)| : (z,y) €R},

suppose that M(Xpr — xo) < Yar. Then there exists a unique continuously differentiable
function x — y(x), defined on the closed interval [xo, X ], which satisfies (1) and (2).

The condition (3) is called a Lipschitz condition?, and L is called the Lipschitz
constant for f.

We shall not dwell on the proof of Picard’s Theorem; for details, the interested reader
is referred to any good textbook on the theory of ordinary differential equations, or the

!Consider, for example, the initial value problem 3’ = y%/3, y(0) = 0; this has two solutions: y(z) =0
and y(z) = 2*/27.

*Emile Picard (1856-1941)

3Rudolf Lipschitz (1832-1903)



lecture notes of P. J. Collins, Differential and Integral Equations, Part I, Mathematical In-
stitute Oxford, 1988 (reprinted 1990). The essence of the proof is to consider the sequence
of functions {y,}>2, defined recursively through what is known as the Picard Iteration:

yo(ﬂﬁ) = %Y,
(1)
yn(z) = y0+/x FEyna(©)de,  n=12...

and show, using the conditions of the theorem, that {y,}°>, converges uniformly on the
interval [zo, X/] to a function y defined on [xg, X /] such that

y(r) = yo + /:f(&y(é“))df :

This then implies that y is continuously differentiable on [xg, X3s] and it satisfies the
differential equation (1) and the initial condition (2). The uniqueness of the solution
follows from the Lipschitz condition.

Picard’s Theorem has a natural extension to an initial value problem for a system of
m differential equations of the form

y/ = f($7Y) ) Y(xo) =Yo, (5)

where yp € R™ and f : [z, Xa/] X R™ — R™. On introducing the Euclidean norm || - ||
on R™ by

m 1/2
[oll = (Z |sz2> ,  veER™,
we can state the following result.

Theorem 2 (Picard’s Theorem) Suppose that f(-,-) is a continuous function of its
arguments in a region U of the (x,y) space R'T™ which contains the parallelepiped

R={(z,y) : zo <2< Xup, |y—vyol <Yu},

where Xy > xg and Yy > 0 are constants. Suppose also that there exists a positive
constant L such that

1f(z,y) — £(z,2)[| < Llly — z| (6)
holds whenever (x,y) and (x,z) lie in R. Finally, letting

M = max{|[f(z,y)| : (z,y) € R},

suppose that M(Xpr — xo) < Yur. Then there exists a unique continuously differentiable
function x — y(x), defined on the closed interval [xo, X ], which satisfies (5).

A sufficient condition for (6) is that f is continuous on R, differentiable at each point
(z,y) in int(R), the interior of R, and there exists L > 0 such that

f
Hg—y(x,y)H <L for all (z,y) € int(R) , (7)
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where Of /0y denotes the m x m Jacobi matrix of y € R™ — f(z,y) € R™, and || - || is a
matrix norm subordinate to the Euclidean vector norm on R™. Indeed, when (7) holds,
the Mean Value Theorem implies that (6) is also valid. The converse of this statement is
not true; for the function f(y) = (|y1, ..., |ym|)?, with 2o = 0 and yo = 0, satisfies (6)
but violates (7) because y — f(y) is not differentiable at the point y = 0.

As the counter-example in the footnote on page 1 indicates, the expression |y — z|
in (3) and ||y — z|| in (6) cannot be replaced by expressions of the form |y — z|* and
lly — z||%, respectively, where 0 < a < 1, for otherwise the uniqueness of the solution to
the corresponding initial value problem cannot be guaranteed.

We conclude this section by introducing the notion of stability.

Definition 1 A solution y = v(z) to (5) is said to be stable on the interval [xo, X /]
if for every € > 0 there exists 6 > 0 such that for all z satisfying ||v(zo) — z|| < § the
solution y = w(x) to the differential equation 'y’ = f(x,y) satisfying the initial condition
w(zo) = z is defined for all x € [zo, Xn| and satisfies ||v(z) — w(z)|| < € for all x in
[$0,XM].

A solution which is stable on [xg,00) (i.e. stable on [xo, Xpr] for each Xy and with &
independent of Xy ) is said to be stable in the sense of Lyapunov.

Moreover, if

lim |v(x) — w(z)]| =0,

then the solution y = v(x) is called asymptotically stable.
Using this definition, we can state the following theorem.

Theorem 3 Under the hypotheses of Picard’s theorem, the (unique) solution 'y = v(x)
to the initial value problem (5) is stable on the interval [xo, Xpr], (where we assume that
—00 < zp < Xpr < 00).

PROOF: Since .
V() = viro) + [ £(ev() de
and .
W@ﬂ=Z+A¥H&WKD%7

it follows that

[v(z) —w(@)| < IIV(wo)—ZII+/xj||f(§,V(£))—f(i,W(i))Hdi

< v -l +2 [ Ivie - wie) de. 0
Now put A(x) = ||v(z) — w(x)| and a = ||v(z¢) — 2z||; then, (8) can be written as
A(x)§a+L/$A(§)d§, 20 <2< Xy . )

Multiplying (9) by exp(—Lz), we find that

d

= {e_Lz x:A(g) dg} < qo b (10)
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Integrating the inequality (10), we deduce that
—Lx v ﬁ —Lxo _ —Lx
et [Caae < (et et

that is -
L / A(€)dé < a (M) 1) | (11)

Now substituting (11) into (9) gives
A(z) < aeH@=0), xo <z <Xy (12)

The implication “(9) = (12)” is usually referred to as the Gronwall Lemma. Returning
to our original notation, we conclude from (12) that

Iv(z) = w(@)]| < [v(zo) — 2", wo < w < Xy (13)

Thus, given € > 0 as in Definition 1, we choose § = eexp(—L(Xnr—x¢)) to deduce stability.
o

To conclude this section, we observe that if either g = —oo or Xy = +oo, the
statement of Theorem 3 is false. For example, the trivial solution y = 0 to the differential
equation 3’ = y is unstable on [z(, 00) for any x¢p > —oo. More generally, given the initial
value problem

v =Xy,  ylxo)=wo,

with A a complex number, the solution y(z) = yoexp(A(x — x¢)) is unstable for RA > 0;
the solution is stable in the sense of Lyapunov for ®A < 0 and is asymptotically stable for
R <0.

In the next section we shall consider numerical methods for the approximate solution
of the initial value problem (1-2). Since everything we shall say has a straightforward
extension to the case of the system (5), for the sake of notational simplicity we shall restrict
ourselves to considering a single ordinary differential equation corresponding to m = 1. We
shall suppose throughout that the function f satisfies the conditions of Picard’s Theorem
on the rectangle R and that the initial value problem has a unique solution defined on the
interval [zg, Xp], —00 < xg < X1 < co. We begin by discussing one-step methods; this
will be followed in subsequent sections by the study of linear multi-step methods.

2 One-step methods

2.1 Euler’s method and its relatives: the 0-method

The simplest example of a one-step method for the numerical solution of the initial value
problem (1-2) is Euler’s method?.

Euler’s method. Suppose that the initial value problem (1-2) is to be solved on the
interval [zg, Xas]. We divide this interval by the mesh-points z,, = xg+nh,n =0,..., N,
where h = (X — z9)/N and N is a positive integer. The positive real number h is called
the step size. Now let us suppose that, for each n, we seek a numerical approximation ¥,
to y(x,), the value of the analytical solution at the mesh point z,,. Given that y(z¢) = yo

“Leonard Euler (1707-1783)



is known, let us suppose that we have already calculated y,, up to some n, 0 <n < N —1;
we define
yn+1:yn+hf(xn7yn)7 n:07...7N_]_.

Thus, taking in succession n = 0,1,..., N — 1, one step at a time, the approximate values
yn at the mesh points z,, can be easily obtained. This numerical method is known as
Euler’s method.

A simple derivation of Euler’s method proceeds by first integrating the differential
equation (1) between two consecutive mesh points x,, and x,41 to deduce that

Tn+41
Yne) =ylea) + [ F@y@)de, =0, N1, (14)
Tn
and then applying the numerical integration rule
Tn+1
| sy de =~ hg(a)
Tn
called the rectangle rule, with g(z) = f(x,y(z)), to get

y(@ni1) = y(@n) + hf(@n,y(zn)),  n=0,...N—1,  y(zo) =yo .

This then motivates the definition of Euler’s method. The idea can be generalised by
replacing the rectangle rule in the derivation of Euler’s method with a one-parameter
family of integration rules of the form

[ g@yde = Bl = 0)g(an) +0g(znin)] (15)
with 6 € [0, 1] a parameter. On applying this in (14) with g(z) = f(z,y(x)) we find that
y(xn+1) ~ y(djn) +h [(1 - Q)f(a:n,y(xn)) + Hf($n+1a y(xn-i-l))] , n=0,...,N—1,

y(@o) = wo-

This then motivates the introduction of the following one-parameter family of methods:
given that yo is supplied by (2), define

Yn+1 :yn_'_h‘[(l_g)f(xnvyn) +9f<xn+1>yn+1)] ) TL:O,...,N— 1. (16)

parametrised by 6 € [0, 1]; (16) is called the #-method. Now, for # = 0 we recover Euler’s
method. For # = 1, and y, specified by (2), we get

Yn+1 :yn+hf(xn+17yn+1) ;, n=0,...,N—1, (17)

referred to as the Implicit Euler Method since, unlike Euler’s method considered above,
(17) requires the solution of an implicit equation in order to determine y,1, given y,.
In order to emphasize this difference, Euler’s method is sometimes termed the Explicit
Euler Method. The scheme which results for the value of §# = 1/2 is also of interest: g
is supplied by (2) and subsequent values y,4+1 are computed from

1
Yn+l = Yn + §h[f(xn7yn) + f(xn+1,yn+1)] ; n= 07" . 7N_ 1 ;

5



k| xp | yp for 0 =0 | yp for 6 =1/2 | yx for § =1
0 0 0 0 0
1]0.1 0 0.00500 0.00999
210.2 0.01000 0.01998 0.02990
3103 0.02999 0.04486 0.05955
4104 0.05990 0.07944 0.09857

Table 1: The values of the numerical solution at the mesh points

this is called the Trapezium Rule Method.

The #-method is an explicit method for § = 0 and is an implicit method for 0 < 8 <1,
given that in the latter case (16) requires the solution of an implicit equation for y,1.
Further, for each value of the parameter 6 € [0,1], (16) is a one-step method in the sense
that to compute y,+1 we only use one previous value y,. Methods which require more
than one previously computed value are referred to as multi-step methods, and will be
discussed later on in the notes.

In order to assess the accuracy of the #-method for various values of the parameter 6
in [0, 1], we perform a numerical experiment on a simple model problem.

Example 1 Given the initial value problem y' = x — y?, y(0) = 0, on the interval of
x € 10,0.4], we compute an approximate solution using the 0-method, for 6 =0, 6 = 1/2
and 0 = 1, using the step size h = 0.1. The results are shown in Table 1. In the case
of the two implicit methods, corresponding to 6 = 1/2 and 0 = 1, the nonlinear equations
have been solved by a fixed-point iteration.

For comparison, we also compute the value of the analytical solution y(x) at the mesh
points x, = 0.1xn, n =0,...,4. Since the solution is not available in closed form.,”> we
use a Picard iteration to calculate an accurate approximation to the analytical solution on
the interval [0,0.4] and call this the “exact solution”. Thus, we consider

yo(z) =0, yk(x):/ox(f—y,%_l(f))dé, E=1,2,... .

Hence,
yo(z) = 0,
nw) = 30,
ya(z) = %3«“2—%9@5,

5Using MAPLE V, we obtain the solution in terms of Bessel functions:
> dsolve({diff(y(x),x) + y(x)*y(x) = x, y(0)=0}, y(x));
-2 2
V3 BesselK(—, = x3/2) _9 9
3 3 — Bessell(?, 3 23/2)

VT

™

1 2
\/gBesselK(g, 3 23/2)

s

1 2
Bessell(=, = x3/2
+ Besse (3, 3% )



k| xk | ylog)
0] 0 0

1] 0.1 | 0.00500
2 10.2 ] 0.01998
31 0.3 ] 0.04488
41 0.4 | 0.07949

Table 2: Values of the “exact solution” at the mesh points

_ 1 2 1 5 1 8 1 11
ys(r) = 57— 557"+ 1607 ~ a0

It is easy to prove by induction that

Lo 15 L g L 1 14
y(x):§x ~ 5% —i-ﬁx ~ 100" —i—O(x ) ,
Tabulating ys3(z) on the interval [0,0.4] with step size h = 0.1, we get the “exact solution”
at the mesh points shown in Table 2.

The “exact solution” is in good agreement with the results obtained with @ = 1/2: the
error is < 5% 107°. For § =0 and 0 = 1 the discrepancy between yi, and y(xy,) is larger: it
is < 3% 1072. We note in conclusion that a plot of the analytical solution can be obtained,
for example, by using the MAPLE V package by typing in the following at the command
line:

> with(DEtools):
> DEplot(diff (y(x),x)+y(x)*y(x)=x, y(x), x=0..0.4, [[y(0)=0]]1,
y=-0.1..0.1, stepsize=0.05);

So, why is the gap between the analytical solution and its numerical approximation in
this example so much larger for § # 1/2 than for # = 1/2? The answer to this question is
the subject of the next section.

2.2 Error analysis of the #-method

First we have to explain what we mean by error. The exact solution of the initial value
problem (1-2) is a function of a continuously varying argument = € [zg, X /], while the
numerical solution ¥, is only defined at the mesh points z,, n =0, ..., N, so it is a function
of a “discrete” argument. We can compare these two functions either by extending in some
fashion the approximate solution from the mesh points to the whole of the interval [xg, X /]
(say by interpolating between the values y,,), or by restricting the function y to the mesh
points and comparing y(x,) with y, for n =0,..., N. Since the first of these approaches
is somewhat arbitrary because it does not correspond to any procedure performed in a
practical computation, we adopt the second approach, and we define the global error e
by
en =Y(Tn) — Yn , n=0,...,N.

We wish to investigate the decay of the global error for the #-method with respect to the
reduction of the mesh size h. We shall show in detail how this is done in the case of Euler’s



method (@ = 0) and then quote the corresponding result in the general case (0 < 6 < 1)
leaving it to the reader to fill the gap.
So let us consider Euler’s explicit method:

yn+1:yn+hf($n7yn)u ’I’l:O,...7N, y():given'

The quantity
Y(zn+1) — ylan)

) Z U () (18)
obtained by inserting the analytical solution y(z) into the numerical method and dividing
by the mesh size is referred to as the truncation error of Euler’s explicit method and
will play a key role in the analysis. Indeed, it measures the extent to which the analytical
solution fails to satisfy the difference equation for Euler’s method.

By noting that f(zn,y(z,)) = ¥/'(z,,) and applying Taylor’s Theorem, it follows from
(18) that there exists &, € (xp, Zn+1) such that

T, =

T, = %hy”(gn) ) (19)

where we have assumed that that f is a sufficiently smooth function of two variables so as
to ensure that y” exists and is bounded on the interval [zo, X5s]. Since from the definition

of Euler’s method

O:w_f(xnvyn)v

on subtracting this from (18), we deduce that
ent1 = en + h[f(2n, y(@n)) = f(2n, yn)] + hT5 .
Thus, assuming that |y, — yo| < Yas from the Lipschitz condition (3) we get
lent1| < (L4 hL)|en| + h|Ty) , n=0,...,N—1.
Now, let T' = maxo<p<n—1|Ty|; then,
lent1| < (14 hL)le,| + RT, n=0,...,N—1.

By induction, and noting that 1 + hL < e,

T
len| < T [(1+AhL)" —1]4+ (14 hL)"|eq|

T L(wn—20) L(zn—z0) _
< E(e —1)+e leo] n=1,...,N.

This estimate, together with the bound

1
T| < ZhM My = "
IT| < 5 Mz, 2= oax | ly" (@)],

which follows from (19), yields

Msh
len| < eF@n=20)|¢g| 4 % (eL(”C”_m) — 1) , n=20,...,N. (20)



To conclude, we note that pursuing an analogous argument it is possible to prove that,
in the general case of the #-method,

el < leolexp (L7570

1—-6Lh
h (|1 1 Ty — 20
—<|=—0| My+ -hM: L——) -1 21
# {Jz ~ofpa+ gran} fow (£32573) -1 2!
forn =0,..., N, where now M3 = max,c[z, x,,] |¥" (z)|. In the absence of rounding errors

in the imposition of the initial condition (2) we can suppose that eg = y(xzo) — yo = 0.
Assuming that this is the case, we see from (21) that |e,| = O(h?) for § = 1/2, while for
6 =0 and # = 1, and indeed for any 6 # 1/2, |e,| = O(h) only. This explains why in
Tables 1 and 2 the values ¥, of the numerical solution computed with the trapezium-rule
method (# = 1/2) were considerably closer to the analytical solution y(z,) at the mesh
points than those which were obtained with the explicit and the implicit Euler methods
( =0 and 6 = 1, respectively).

In particular, we see from this analysis, that each time the mesh size h is halved, the
truncation error and the global error are reduced by a factor of 2 when 6 # 1/2, and by a
factor of 4 when 6 = 1/2.

While the trapezium rule method leads to more accurate approximations then the
forward Euler method, it is less convenient from the computational point of view given
that it requires the solution of implicit equations at each mesh point z,41 to compute
Ynt1- An attractive compromise is to use the forward Euler method to compute an initial
crude approximation to y(x,+1) and then use this value within the trapezium rule to
obtain a more accurate approximation for y(zy+1): the resulting numerical method is

1 .
Yn+1 :yn+§h[f($nayn)+f(55n+1,yn+hf(l‘myn))] ) TL:O,...,N, Yo = grven ,

and is frequently referred to as the improved Euler method. Clearly, it is an explicit
one-step scheme, albeit of a more complicated form than the explicit Euler method. In the
next section, we shall take this idea further and consider a very general class of explicit
one-step methods.

2.3 General explicit one-step method

A general explicit one-step method may be written in the form:
Ynt1 = Yn + h®(Tn,yn;h), n=0,...,N =1, yo=y(xo)[= specified by (2)], (22)

where ®(-,;-) is a continuous function of its variables. For example, in the case of Euler’s
method, ®(xy, yn; h) = f(2n, yn), while for the improved Euler method

@, i 1) = 5 [F s ) + £+ g+ A )]

In order to assess the accuracy of the numerical method (22), we define the global
error, e,, by

en = Y(Tn) — Yn -



We define the truncation error, 7;,, of the method by

Y(Tni1) — y(@n)
h

T, = — @(zn, y(zn); h) - (23)

The next theorem provides a bound on the global error in terms of the truncation
erTor.

Theorem 4 Consider the general one-step method (22) where, in addition to being a
continuous function of its arguments, ® is assumed to satisfy a Lipschitz condition with
respect to its second argument; namely, there exists a positive constant Lg such that, for
0 < h < hg and for the same region R as in Picard’s theorem,

[®(z,y;h) — ®(,2;h)| < Loly — 2|, for (z,y), (z,2) nR. (24)
Then, assuming that |y, — yo| < Yar, it follows that

ele(@n—x0) _ 1

len| < eFolEn=m0)|gg| 4+
Lo

where T' = maxo<p<nN—1 |Tn| -
PROOF: Subtracting (22) from (23) we obtain:
ent+1 = en + h[®(zp, y(xn); h) — ®(zp, yn; h)] + BT, .

Then, since (2, y(zy)) and (2, yn) belong to R, the Lipschitz condition (24) implies that

lent1| < len| + hLolen| + h|T,|, n=0,...,N—1.
That is,
lens1| < (14 hLo)len| + h|T,], n=0,....,N—1.
Hence
’61| < (1 + th;)’eo‘ + hT
lea] < (1+hLg)*leg| + h[1 + (1+ hLs)|T,
les] < (1+hLg)3|eo] +h[l+ (1+hLs)+ (1+hLe)?T,
ete.
lenl < (14 hLg)"eg|+ [(1+hLlg)" —1]T/Le .

Observing that 1 + hLg < exp(hLg), we obtain (25). ¢

Let us note that the error bound (20) for Euler’s explicit method is a special case
of (25). We highlight the practical relevance of the error bound (25) by focusing on a
particular example.

Example 2 Consider the initial value problem y' = tan~!y, y(0) = yo, and suppose that
this is solved by the explicit Euler method. The aim of the exercise is to apply (25) to

10



quantify the size of the associated global error; thus, we need to find L and Ms. Here
f(z,y) = tan~1y, so by the Mean Value Theorem

) — fo,2)] = \g—gw w-2)| .

where 1 lies between y and z. In our case

of 21

—| =101 <1

FrECER SRS

and therefore L = 1. To find My we need to obtain a bound on |y”’| (without actually
solving the initial value problem!). This is easily achieved by differentiating both sides of
the differential equation with respect to x:

dy _

= (1+y>) Ttan ™ty .

da _
Y’ = ——(tan Yy)= (147!

Therefore |y (x)] < My = %77. Inserting the values of L and Ms into (20),

1
len] < € eg| —i—Zw(ex" —1)h, n=0,...,N.
In particular if we assume that no error has been committed initially (i.e. eg = 0), we
have that

1
len] < Zw(ex”—l)h, n=20,...,N.

Thus, given a tolerance TOL specified beforehand, we can ensure that the error between
the (unknown) analytical solution and its numerical approzimation does not exceed this
tolerance by choosing a positive step size h such that

h < %(eXM -n7'TOoL .
For such h we shall have |y(xn) — yn| = |en| < TOL for each n = 0,..., N, as required.
Thus, at least in principle, we can calculate the numerical solution to arbitrarily high ac-
curacy by choosing a sufficiently small step size. In practice, because digital computers use
finite-precision arithmetic, there will always be small (but not infinitely small) pollution ef-
fects due to rounding errors; however, these can also be bounded by performing an analysis
similar to the one above where f(xy,yn) is replaced by its finite-precision representation.

Returning to the general one-step method (22), we consider the choice of the function
®. Theorem 4 suggests that if the truncation error ‘approaches zero’ as h — 0 then the
global error ‘converges to zero’ also (as long as |eg| — 0 when h — 0). This observation
motivates the following definition.

Definition 2 The numerical method (22) is consistent with the differential equation
(1) if the truncation error defined by (23) is such that for any e > 0 there exists a positive
h(e) for which |T,,| < € for 0 < h < h(e) and any pair of points (xn, y(zy)), (Tnt+1, Y(Tn+1))
on any solution curve in R.

11



For the general one-step method (22) we have assumed that the function ®(-,-;-) is
continuous; also ¥ is a continuous function on [zg, Xs]. Therefore, from (23),

lim T}, = v/ (2) — ®(2n, y(2,);0) .
h—0
This implies that the one-step method (22) is consistent if and only if
O(z,y;0) = f(z,y) . (26)
Now we are ready to state a convergence theorem for the general one-step method (22).

Theorem 5 Suppose that the solution of the initial value problem (1-2) lies in R as does
its approximation generated from (22) when h < hg. Suppose also that the function ®(-, ;)
is uniformly continuous on R x [0, hg] and satisfies the consistency condition (26) and the
Lipschitz condition

|®(x,y;h) — ®(z,2;h)| < Laly — 2| on R x [0, ho] . (27)
Then, if successive approzimation sequences (yn), generated for x, = xo+ nh, n =
1,2,..., N, are obtained from (22) with successively smaller values of h, each less than hy,

we have convergence of the numerical solution to the solution of the initial value problem
in the sense that

ly(zn) —yn| — 0 ash =0, x, — = € [xo, Xn]

PROOF: Suppose that h = (Xps — x¢)/N where N is a positive integer. We shall assume
that N is sufficiently large so that h < hg. Since y(xg) = yo and therefore ey = 0, Theorem
4 implies that

eL¢(X1u—:E0) o
Twl, n=1,...,N. (28)

’y<xn) - yn’ <

1
Ly ] 03522;(—1
From the consistency condition (26) we have

y(wn—l-l) - y<xn)
h

According to the Mean Value Theorem the expression in the first bracket is equal to
y'(§) — v/ (xn), where § € [zp, 2ni1]. Since y'(-) = f(-,y(-)) = ®(-,y(-);0) and (-, ;) is

uniformly continuous on R X [0, ho], it follows that ¢/ is uniformly continuous on [zg, X /).
Thus, for each € > 0 there exists hi(e) such that

1
|y/(§)—y'(xn)]§§6 for h < hi(e),n=0,1,...,N—1.

Also, by the uniform continuity of ® with respect to its third argument, there exists ha(€)
such that

1
|P(xn, y(20,);0) — ®(zp, y(zn); )| < 3¢ for h < ha(e),n=0,1,...,N —1.

12



Thus, defining h(e) = min(hy(€), ha(€)), we have
T, <e  forh<h(e),n=0,1,...,N—1.
Inserting this into (28) we deduce that |y(x,) — yn| — 0 as h — 0. Since

’y(l‘) - yn| < |y($) - y(xn)| + |y(xn) - yn| )

and the first term on the right also converges to zero as h — 0 by the uniform continuity
of y on the interval [zg, Xj/], the proof is complete. ¢

We saw earlier that for Euler’s method the absolute value of the truncation error T,
is bounded above by a constant multiple of the step size h, that is

IT,| < Kh  for0<h<h,

where K is a positive constant, independent of h. However there are other one-step
methods (a class of which, called Runge-Kutta methods, will be considered below) for
which we can do better. More generally, in order to quantify the asymptotic rate of decay
of the truncation error as the step size h converges to zero, we introduce the following
definition.

Definition 3 The numerical method (22) is said to have order of accuracy p, if p is
the largest positive integer such that, for any sufficiently smooth solution curve (x,y(z))
in R of the initial value problem (1-2), there exist constants K and ho such that

T, < KhP for 0 < h < hg
for any pair of points (xn,y(xn)), (Tnt1,y(Tnt1)) on the solution curve.

Having introduced the general class of explicit one-step methods and the associated
concepts of consistency and order of accuracy, we now focus on a specific family: explicit
Runge-Kutta methods.

2.4 Runge—Kutta methods

In the sense of Definition 3 Euler’s method is only first-order accurate; nevertheless, it
is simple and cheap to implement because to obtain ¥,y from y, we only require a
single evaluation of the function f at (x,y,). Runge-Kutta methods aim to achieve
higher accuracy by sacrificing the efficiency of Euler’s method through re-evaluating f(-, -)
at points intermediate between (z,,y(z,)) and (n+1,y(zn+1)). The general R-stage
Runge—Kutta family is defined by

Ynt1 = Yn+h®(xn,yn;h),
R
®(z,y;h) = Zcrkr )
r=1
kl = f(xv y) )

r—1
k, = f(w—khar,y—i—thrskS), r=2,...,R, (29)

s=1

r—1
ar = Zbrs, r=2,...,R.
s=1

13



Figure 1: Butcher table of a Runge-Kutta method

In compressed form, this information is usually displayed in the so-called Butcher table
displayed in Figure 1.

One-stage Runge—Kutta methods. Suppose that R = 1. Then, the resulting one-
stage Runge-Kutta method is simply Euler’s explicit method:

Ynt+1 = Yn + hf(l'n, yn) . (30)

Two-stage Runge—Kutta methods. Next, consider the case of R = 2, corresponding
to the following family of methods:

Ynt1 = Yn + h(c1k1 + c2k2) , (31)
where

kl - f($n7 yn) ’ (32)

ky = f(zn+ agh,y, + bahk;) , (33)

and where the parameters ci, co, as and by are to be determined.® Clearly (31-33) can
be rewritten in the form (22) and therefore it is a family of one step methods. By the
condition (26), a method from this family will be consistent if and only if

c1+co=1.

Further conditions on the parameters are obtained by attempting to maximise the order
of accuracy of the method. Indeed, expanding the truncation error of (31-33) in powers
of h, after some algebra we obtain

1 1
Tn —_ §hy”($n)+6h2ym(xn)

1 1
—cahlagfs + bo1 fu f] — cah® iaéfm + agbo1 foy f + §b%1fyyf2 +O(h%).

Here we have used the abbreviations f = f(xn, y(zy)), fz = %(a:n, y(xn)), etc. On noting
that ¥ = f, + fyf, it follows that T,, = O(h?) for any f provided that
1

azcp = barcy = 50

which implies that if by = a2, ca = 1/(2a2) and ¢; = 1 — 1/(2a2) then the method is
second-order accurate; while this still leaves one free parameter, as, it is easy to see that
no choice of the parameters will make the method generally third-order accurate. There
are two well-known examples of second-order Runge-Kutta methods of the form (31-33):

5We note in passing that Euler’s method is a member of this family of methods, corresponding to ¢; = 1
and c2 = 0. However we are now seeking methods that are at least second-order accurate.
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a) The modified Euler method: In this case we take ag = % to obtain
1 1
Ynt1 =Yn thfzn+ ihayn + §hf(xn7yn) ;
b) The improved Euler method: This is arrived at by choosing as = 1 which gives
1
Yn+1 = Yn + §h [f(afnvyn) + f(xn +h,yn + hf(xm yn))] .

For these two methods it is easily verified by Taylor series expansion that the truncation
error is of the form, respectively,

1 1

T, = g |fE R0,
1 1

T, = 6h2 [fyF1—§F2] +0(h?),

where

Fy :fm+ffy and F2:facz+2ff:vy+f2fyy-
The family (31-33) is referred to as the class of explicit two-stage Runge-Kutta methods.
Exercise 1 Let a be a non-zero real number and let x,, = a +nh, n = 0,...,N, be a
uniform mesh on the interval [a,b] of step size h = (b—a)/N. Consider the explicit one-

step method for the numerical solution of the initial value problem y' = f(x,y), y(a) = yo,
which determines approzimations y, to the values y(xy) from the recurrence relation

h h
Yn+1 = Yn + h<1 - O‘)f(xmyn) + haf (xn + %7%1 + %f(l"m yn)) .

Show that this method is consistent and that its truncation error, T,(h,a), can be
expressed as

T o) = o [ (5= 1) ") + o) 2 (e + 007

This numerical method is applied to the initial value problem y' = —yP, y(0) = 1, where
p is a positive integer. Show that if p = 1 then T),(h,a) = O(h?) for every non-zero real
number . Show also that if p > 2 then there exists a non-zero real number ag such that
Tn(h, ) = O(h3).

SOLUTION. Le( us deﬁne
e ) y? 1 @ J x y Ck.} € 2@ y 2a J xz y .

Then the numerical method can be rewritten as

Ynt1 = Yn + h® (2, yn; h) .

Since
®(z,y;0) = f(z,y) ,

15



the method is consistent. By definition, the truncation error is

y(anrl) — y(xn)

- (I)(xnay(xn)v h) .

We shall perform a Taylor expansion of T;,(h,a) to show that it can be expressed in the desired
form. Indeed,

h h?
yl(‘rn) + _y//(xn) + =

To(h,o) = 5 G y" (x,)
—(1—a)y'(z,) — af(z, + %,y(mn) + %y’(mn)) + O(h®)

2

h h
o oy -
= y'(xn) + 23/ (zn) + 6

—« {f(xn,y(xn)) + %fz(xm y(wn)) +

y" (2n) = (1= )y (2n)

e ) (20)]

o l(%) Foa(msy(n)) +2 (%) Fo(@nsy(@n))y (20)

B\ 2
+ (o) o @ @) +00)
= Y(zn) — (1 - a)y (zn) — ay'(zn)
h h
+§y//(xn) - 5 [fz(xnvy(l'n)) + fy(znay(xn))y/(zn)]
h? h?
+€ym(xn) - @ [f’I"I' (l'na y(xn)) + szy(l'n; y(zn))y'(xn)
+ fyy(xn; y(zn))[y/(zn)]2] + O(hS)
h2 m h2 " " 3
= Fy (rn) — 30 " (xn) =y (xn) fy(@n, y(zn))] + O(R?)
2
= | (Ga-1) @)+ @) G| + 00
as required.
Now let us apply the method to ¢/ = —y?, with p > 1. If p =1, then "/ = —¢" =y’ = —y, so

that
2

h
T (h, @) = ——=y(wn) + O(h?®).
As y(x,) = e " #0, it follows that
Tn(h,a) = O(h?)

for all (non-zero) a.
Finally, suppose that p > 2. Then

and

and therefore



Choosing «a such that
4
<§“— 1) p2p—1)+p° =0,

namely

a = Qg =

gives
Tn(hv Oéo) = O(h3) .

We note in passing that for p > 1 the exact solution of the initial value problem y' = —y?,
y(0) =1, s y(2) = [(p ~ Do + /7P
Three-stage Runge—Kutta methods. Let us now suppose that R = 3 to illustrate
the general idea. Thus, we consider the family of methods:

Ynt1 = Yn + h[c1k1 + coka + c3ks]

where

kl = f(x’y) ’
ky = f(x+ hag,y+ hbak1),
kg = f(l‘ + hag, Yy + hbglkl + hbggkg) s

ay = b, az=bs + b3 .

Writing b1 = a9 and bs; = a3 — bss in the definitions of ks and k3 respectively and
expanding ks and k3 into Taylor series about the point (x,y) yields:

ko = o haa(fa R fy)  SH20 (e + 261 iy + R ) + OURY)
= fH+ha(fe+ ffy)+ %h%%(fm +2f fay + f2fyy) + O(hB)
= [+hatr+ éh%%@ +O(n’),

where
Fi=fo+ff, and Fo= fou+2ffuy + 2 fuy

and
ks = f+h{asfe+ [(a3 — bs2)k1 + baaka] £y}
+%h2 {a%fm + 2a3 [(ag — b32)k1 + b3zka] fuy
+ (a3 — bao)kn + byaha]? fyy } + O(h?)
= [+ hasFy + h? (a2b32F1fy + %agFg) + 0.
Substituting these expressions for ks and ks into (29) with R = 3 we find that
O(z,y,h) = (c1+c2+c3)f + hlczaz + czas)Fy

1
+§h2 [QCgagbggFlfy + (CQG% + c;:,a%) F2:| + O(h?’) . (34)
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We match this with the Taylor series expansion:

y(a +h) —y(x)
h

1 1

= y'(z)+ §hy”(w) + gth”’(w) +O(h?)
1 1

= f4+ thl + 6h2 (Fify + Fo) + O(h%) .

This yields:

c1t+c+c3 =

coa2 + c3az =

czag + c;;a% =

P WI =N ==

c3asbzy =

Solving this system of four equations for the six unknowns: c1, o, c3, as, as, bsa, we obtain
a two-parameter family of 3-stage Runge-Kutta methods. We shall only highlight two
notable examples from this family:

(i) Heun’s method corresponds to

1 0 3 1 2 b 2
CcCl = — Co = Cr = — as» = — aa = — = —
1 4 2 ’ 3 4 2 3 3 3" 32 3

yielding

1
Yntl = Yn+ Eh (kl + 3k3) 5
kl — f(xnvyn) 5
1 1
by = f(xn+§h,yn+—hk1) ,

3
2 2
ky = Dt hoyn + 2hiky)
3 f<x+3y+3 2)

(ii) Standard third-order Runge—Kutta method. This is arrived at by selecting

c = cp=-, C3= a3=1, bzg=2,

37 az =

1 1 1
6’ 6’ 27

yielding
1
Yntl = Yn+ Eh (k1 + 4ko + k3)
kl - f(fmyn) )
by = f( + 1 +1hk>
2 = Tn 9 s Yn 9 1],
ks = f(zn+ h,yn — hky + 2hks) .
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Four-stage Runge—Kutta methods. For R = 4, an analogous argument leads to a
two-parameter family of four-stage Runge—Kutta methods of order four. A particularly
popular example from this family is:

1
Yntl = Yn + gh (k1 4+ 2ko +2ks + k4)
where

ki = f(mmyn)a

1 1
k2 = f (mn+§h,yn+§hk‘1> )

1 1
ko = f (0 oo+ 5hke)

ky = f(xn+h7yn+hk3)'

Here ko and k3 represent approximations to the derivative y(-) at points on the solution
curve, intermediate between (x,,, y(x,)) and (xp41, y(Tnt1)), and ®(zy,, yn; h) is a weighted
average of the k;, i = 1,..., 4, the weights corresponding to those of Simpson’s rule method
(to which the fourth-order Runge-Kutta method reduces when % =0).

In this section, we have constructed R-stage Runge-Kutta methods of order of accuracy
O(hf), R =1,2,3,4. Is is natural to ask whether there exists an R stage method of order
R for R > 5. The answer to this question is negative: in a series of papers John Butcher
showed that for R = 5,6,7,8,9, the highest order that can be attained by an R-stage
Runge-Kutta method is, respectively, 4,5, 6,6, 7, and that for R > 10 the highest order is
<R-2.

2.5 Absolute stability of Runge—Kutta methods

It is instructive to consider the model problem

Y =Xy, y(0)=uyo(#0), (35)

with A real and negative. Trivially, the analytical solution to this initial value problem,
y(z) = yo exp(Az), converges to 0 at an exponential rate as x — +oo. The question that
we wish to investigate here is under what conditions on the step size h does a Runge-Kutta
method reproduce this behaviour. The understanding of this matter will provide useful
information about the adequate selection of A in the numerical approximation of an initial
value problem by a Runge-Kutta method over an interval [zg, X /] with X >> 2. For
the sake of simplicity, we shall restrict our attention to the case of R-stage methods of
order of accuracy R, with 1 < R < 4.

Let us begin with R = 1. The only explicit one-stage first-order accurate Runge-Kutta
method is Euler’s explicit method. Applying (30-35) yields:

yn-l—l:(]-—’_ﬁ)yna n207

where h = A\h. Thus,

Yn = (1+h)"yo .
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Consequently, the sequence {y,}°, will converge to 0 if and only if |1 + h| < 1, yielding
h € (=2,0); for such h the Euler’s explicit method is said to be absolutely stable and
the interval (—2,0) is referred to as the interval of absolute stability of the method.

Now consider R = 2 corresponding to two-stage second-order Runge-Kutta methods:

Yn+1 = Yn + h(c1k1 + c2k2) ,

where

kl = f(wnv yn); k? = f(xn + a2h>yn + b?lhkl)
with X
ct+c=1, a262:b2162:§.

Applying this to (35) yields,
_ 1,
Ynt+1l = 1+h+§h Yn s n>0,

and therefore 1 "
yn:(1+ﬁ+§ﬁz) Yo -
Hence the method is absolutely stable if and only if

_ 1=
'1+h+§h2 <1,

namely when h € (—2,0).
In the case of R = 3 an analogous argument shows that

_ 1= 1-
Ynt1 = <1+h+ 5h2+ 6h3> Un -

Demanding that

- 1= 1-
1+h+=h*>+ =R <1
’ +ht ShP 4+ oh?) <

then yields the interval of absolute stability: h € (—2.51,0).
When R = 4, we have that

~ 1., 1- 1-
=(1+h+=h%+=h3 —h4>
Yn+1 ( + h+ 5 + 6 + o Yn

and the associated interval of absolute stability is h € (—2.78,0).
For R > 5 on applying the Runge-Kutta method to the model problem (35) still results
in a recursion of the form

Ynt+1 = Ar(R)yn , n>0,

however, unlike the case when R = 1,2,3,4, in addition to h the expression Agr(h) also
depends on the coefficients of the Runge—Kutta method; by a convenient choice of the free
parameters the associated interval of absolute stability may be maximised. For further
results in this direction, the reader is referred to the book of J.D. Lambert.
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3 Linear multi-step methods

While Runge-Kutta methods present an improvement over Euler’s method in terms of
accuracy, this is achieved by investing additional computational effort; in fact, Runge-
Kutta methods require more evaluations of f(-, -) than would seem necessary. For example,
the fourth-order method involves four function evaluations per step. For comparison, by
considering three consecutive points xp_1, T, = n—1+h, Tni1 = Tn_1+2h, integrating the
differential equation between x,_; and x,+1, and applying Simpson’s rule to approximate
the resulting integral yields

Tn+1

W) =y(an)+ [ () da

Tn—1

~ (1) + gh ot n1) + 47 (0, y(0) + s, i)

which leads to the method

Ynt+l = Yn—1 + %h f(@n—1,Yn—1) +4f(@n,yn) + [(Tni1, Yns1)] - (36)

In contrast with the one-step methods considered in the previous section where only a
single value y, was required to compute the next approximation y,1, here we need two
preceding values, y, and y,—1 to be able to calculate y,+1, and therefore (36) is not a
one-step method.

In this section we consider a class of methods of the type (36) for the numerical solution
of the initial value problem (1-2), called linear multi-step methods.

Given a sequence of equally spaced mesh points (x,) with step size h, we consider the
general linear k-step method

k k
D Ynes = h Y Bif (@ntgs Ynss) (37)

j=0 7=0

where the coefficients aq,...,ar and fg,..., [, are real constants. In order to avoid
degenerate cases, we shall assume that ai # 0 and that ag and By are not both equal to
zero. If B, = 0 then y, 4 is obtained explicitly from previous values of y; and f(z;,y;),
and the k-step method is then said to be explicit. On the other hand, if 5 # 0 then y, 1
appears not only on the left-hand side but also on the right, within f(2, 1, Ynir); due
to this implicit dependence on y,+x the method is then called implicit. The numerical
method (37) is called linear because it involves only linear combinations of the {y,} and
the {f(xn,yn)}; for the sake of notational simplicity, henceforth we shall write f, instead

of f(n,Yn)-

Example 3 We have already seen an example of a linear 2-step method in (36); here we
present further examples of linear multi-step methods.

a) Euler’s method is a trivial case: it is an explicit linear one-step method. The im-
plicit FEuler method

Yn+1l = Yn + hf(xn+17 yn+1)

1s an implicit linear one-step method.
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b) The trapezium method, given by

1
Yn+1 = Yn + §h[fn+1 + fn]
s also an implicit linear one-step method.

c) The four-step Adams’- Bashforth method

1
Yn+4 = Yn43 + ﬂh[55fn+3 - 59fn+2 + 37 frng1 — 9fn]

is an example of an explicit linear four-step method; the three-step Adams - Moul-
ton method

1
Yn+3 = Ynt+2 T+ ﬂh[gfn-i-?) + 19 fni2 = 5fni1 + ful

1s an implicit linear three-step method.

The construction of general classes of linear multi-step methods, such as the (implicit)
Adams—Bashforth family and the (explicit) Adams—Moulton family will be discussed in the
next section.

3.1 Construction of linear multi-step methods

Let us suppose that u,, n =0,1,..., is a sequence of real numbers. We introduce the shift
operator F, the forward difference operator A and the backward difference operator A_
by

E : up = Upyq, Ay o oup = (Upp1 — Up) A up = (Upy — Up—1) -
Further, we note that £~ exists and is given by E~! : w, 1 + u,. Since
A,=FE-I=EA_, A_=I-FE' and E=(I-A.)",
where [ signifies the identity operator, it follows that, for any positive integer k,
k a
Ay = (B = Dy = (1) < : ) Uik
j=0

and

k
ok
Ay = (I = Eou, =310 [ 7 ) wny -
— J
J
Now suppose that u is a real-valued function defined on R whose derivative exists and
is integrable on [xg,x,] for each n > 0, and let u, denote u(zy,) where x,, = x¢ + nh,
n = 0,1,..., are equally spaced points on the real line. Letting D denote d/dz, by
applying a Taylor series expansion we find that

1
(B*u)p = u(zn + sh) = uy+ sh(Du), + E(sh)Q(DQu)n +...

S %((shD)ku)n = (e"Pu), ,
k=0 """

7J. C. Adams (1819-1892)
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and hence
ES = eshD

Thus, formally,
hD =InE = —In(I — A_),

and therefore, again by Taylor series expansion,
! 1 2 1 3
hu'(zy,) = A_—l-gA,—}-gA,-i—... Up

Now letting u(z) = y(x) where y is the solution of the initial-value problem (1-2) and
noting that u/(z) = v/(z) = f(x,y(z)), we find that

1 1
hf(ony(ea) = (B + 387 + 585 4. ) ylan)
On successive truncation of the infinite series on the right, we find that

y(dfn) - y(xn—l) ~ hf(ajnvy(xn)) )

) — 2y 1) + 5y ) & (o)
) — By 1) + () — y(eas) ~ hf (o y(ea)

and so on. These approximate equalities give rise to a class of implicit linear multi-step
methods called backward differentiation formulae, the simplest of which is Euler’s
implicit method.

Similarly,

EY(hD)=hDE ' =T -A_)(~-InI-A_)=—-T-A_)In(I-A_),

and therefore 1 .
h! () = <A_ - 5& - EAi +.. ) Unt1 -

Letting, again, u(z) = y(z) where y is the solution of the initial-value problem (1-2) and
noting that u/(z) = y'(z) = f(x,y(z)), on successive truncation of the infinite series on
the right results in

Q

Y(@nt1) — y(@n) hf(wn, y(2n)) s

S0 i1) = 3u(ea1) = hf(nylan)
SU(Ens1) + 2u(@n) — yan 1)+ y(on ) = hf (o y(en)

and so on. The first of these yields Euler’s explicit method, the second the so-called
explicit mid-point rule, and so on.

Next we derive additional identities which will allow us to construct further classes of
linear multi-step methods. Let us define

D u(ra) = ulwo) + [ u(e)de
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and observe that

(E =)D () = / ) de
Now, '
(E-I)D™' = A,D'=EA D '=hEA_(hD)™!
= —hEA_[In(I-A_)". (38)
Furthermore,
(E-I'D' = EAD'=A_ED'=A_ (DEYHY '=hA_(hDEH!
—hA_[(I—-A)n(I-A)". (39)

Letting, again, u(z) = y(z) where y is the solution of the initial-value problem (1-2),
noting that «/(z) = y/(z) = f(z,y(z)) and using (38) and (39) we deduce that

y(@nt1) —y(en) = /:W y(€)dE = (B = I)D™ 'y (x) = (B — I)D™" f(an, y(wn))

_ { —hBA_ (I = A)]7" f(wn, y(on))
—hA (I = A)In(I = A7 f(@n, y(zn)) -
)

On expanding In(I — A_) into a Taylor series on the right-hand side of (40) we find that

(40)

B 1 1, 1. 19 ., ]
Y(@ns1) — y(wn) ~ b {I GA- = AT A - AL ] fry(an) (A1)
and
N | 5 . 3., 251, }
y(l'nJrl) y(xn) ~h |:I + 2Af + 12A— + SA— + 720A— +. f(l‘nvy(xn)) . (42)

Successive truncation of (41) yields the family of Adams—Moulton methods, while similar
successive truncation of (42) gives rise to the family of Adams—Bashforth methods.

Next, we turn our attention to the analysis of linear multi-step methods and introduce
the concepts of stability, consistency and convergence.

3.2 Zero-stability

As is clear from (37) we need k starting values, o, . . ., yr—_1, before we can apply a linear k-
step method to the initial value problem (1-2): of these, yo is given by the initial condition
(2), but the others, y1,...,yx_1, have to be computed by other means: say, by using a
suitable Runge—Kutta method. At any rate, the starting values will contain numerical
errors and it is important to know how these will affect further approximations y,, n > k,
which are calculated by means of (37). Thus, we wish to consider the ‘stability’ of the
numerical method with respect to ‘small perturbations’ in the starting conditions.

Definition 4 A linear k-step method for the ordinary differential equation y' = f(z,y)
1s said to be zero-stable if there exists a constant K such that, for any two sequences
(yn) and (gn) which have been generated by the same formulae but different initial data
Yo, Y1, -« Ye—1 and Yo, 91, .., Y_1, respectively, we have

Yn — Un| < K max{|yo — Jo|,|y1 — 91l»-- > |Yk—1 — Tr—1} (43)
for xp, < X, and as h tends to 0.
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We shall prove later on that whether or not a method is zero-stable can be determined
by merely considering its behaviour when applied to the trivial differential equation 3’ = 0,
corresponding to (1) with f(x,y) = 0; it is for this reason that the kind of stability
expressed in Definition 4 is called zero stability. While Definition 4 is expressive in the
sense that it conforms with the intuitive notion of stability whereby “small perturbations
at input give rise to small perturbations at output”, it would be a very tedious exercise
to verify the zero-stability of a linear multi-step method using Definition 4 only; thus we
shall next formulate an algebraic equivalent of zero-stability, known as the root condition,
which will simplify this task. Before doing so we introduce some notation.

Given the linear k-step method (37) we consider its first and second characteristic
polynomial, respectively

k
plz) = Zajz],
=0

k
o(z) = > B,
j=0

where, as before, we assume that

ap #0, a%—l—ﬁg#O.
Now we are ready to state the main result of this section.

Theorem 6 A linear multi-step method is zero-stable for any ordinary differential equa-
tion of the form (1) where f satisfies the Lipschitz condition (3), if and only if its first
characteristic polynomial has zeros inside the closed unit disc, with any which lie on the
unit circle being simple.

The algebraic stability condition contained in this theorem, namely that the roots of
the first characteristic polynomial lie in the closed unit disc and those on the unit circle
are simple, is often called the root condition.

PROOF: Necessity. Consider the linear k-step method, applied to 3’ = 0:

QkYn+k + Ok—1Yn+k—1 + - + ¥1Ynt1 + oyn =0 . (44)

The general solution of this kth order linear difference equation has the form
Yn = ZPS(n)Z? ) (45)
S

where zg is a zero of the first characteristic polynomial p(z) and the polynomial p(-)
has degree one less than the multiplicity of the zero. Clearly, if |z5] > 1 then there are
starting values for which the corresponding solutions grow like |z4|™ and if |z5] = 1 and
its multiplicity is m, > 1 then there are solutions growing like ns~1. In either case there
are solutions that grow unbounded as n — oo, i.e. as h — 0 with nh fixed. Considering
starting data yo, y1,-..,Yk—1 which give rise to such an unbounded solution (y,), and
starting data go = g1 = ... = gr_1 = 0 for which the corresponding solution of (44) is (¢»)
with ¢, = 0 for all n, we see that (43) cannot hold. To summarise, if the root condition
is violated then the method is not zero-stable.
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Sufficiency. The proof that the root condition is sufficient for zero-stability is long and
technical, and will be omitted here. For details, see, for example, K.W. Morton, Numerical
Solution of Ordinary Differential Fquations, Oxford University Computing Laboratory,
1987, or P. Henrici, Discrete Variable Methods in Ordinary Differential Equations, Wiley,
New York, 1962. ¢

Example 4 We shall consider the methods from Example 3.

a) The explicit and implicit Euler methods have first characteristic polynomial p(z) =
z — 1 with simple root z = 1, so both methods are zero-stable. The same is true of
the trapezium method.

b) The Adams—Bashforth and Adams—Moulton methods considered in Example 3 have
the same first characteristic polynomial, p(z) = 23(z—1), and therefore both methods
are zero-stable.

¢) The three-step (sizth order accurate) linear multi-step method

1ynys + 27ynt2 — 27Yny1 — 1y, = 3h[fn+3 +9fnye +9fnt1 + fn]

is not zero-stable. Indeed, the associated first characteristic polynomial p(z) = 1123+
2722 — 272 — 11 has roots at z1 = 1, 29 = —0.3189, z3 ~ —3.1356, so |z3| > 1.

3.3 Consistency

In this section we consider the accuracy of the linear k-step method (37). For this pur-
pose, as in the case of one-step methods, we introduce the notion of truncation error.
Thus, suppose that y(x) is a solution of the ordinary differential equation (1). Then the
truncation error of (37) is defined as follows:

YE o l0y(wnts) — By (Tnsj)] ‘

T = T
h ijo B;

(46)

Of course, the definition requires implicitly that o(1) = Z?:o Bj # 0. Again, as in the
case of one-step methods, the truncation error can be thought of as the residual that is
obtained by inserting the solution of the differential equation into the formula (37) and
scaling this residual appropriately (in this case dividing through by A Z?:o Bj) so that T,
resembles y' — f(z,y(x)).

Definition 5 The numerical scheme (37) is said to be consistent with the differential
equation (1) if the truncation error defined by (46) is such that for any € > 0 there exists
h(e) for which

|T| <€ for0<h < h(e)

and any (k + 1) points (Xpn,y(xn)),- -, (Tnak, Y(Tnik)) on any solution curve in R of the
initial value problem (1-2).
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Now let us suppose that the solution to the differential equation is sufficiently smooth,
and let us expand y(z,4;) and y'(zn4;) into a Taylor series about the point x, and
substitute these expansions into the numerator in (46) to obtain

1

— / 2.1
T, = ho (D) [Coy(xn) + Crhy (zy) + Coh7y" (xn) + ... | (47)
where
k
C() = Zaj 5
=0

k k
Cr = Y ja—) B,
=1 i=0

k .2 k
] .
o= Y-k,
j=1 j=1
etc.
k. k .g—1
J1 J?
C = —a; — —0,;.
! ; g’ ; (q— 1

For consistency we need that T, — 0 as h — 0 and this requires that Cy = 0 and C; = 0;
in terms of the characteristic polynomials this consistency requirement can be restated in
compact form as

p(1)=0 and p'(1)=0(1)#0.

Let us observe that, according to this condition, if a linear multi-step method is consistent
then it has a simple root on the unit circle at z = 1; thus the root condition is not violated
by this zero.

Definition 6 The numerical method (37) is said to have order of accuracy p if p is
the largest positive integer such that, for any sufficiently smooth solution curve in R of the
initial value problem (1-2), there exist constants K and hy such that

T < Kh?  for 0 < h < hg
for any (k+ 1) points (xn,y(xn))s- -, (Tnak, Y(Xnik)) on the solution curve.
Thus we deduce from (47) that the method is of order of accuracy p if and only if
C():Cl:...: p:() and Cp+17é0.

In this case,

C,

T, = —2Lppy @D (2} + O(RPTL) ;
o(1)

the number Cpiq (3 0) is called the error constant of the method.

Exercise 2 Construct an implicit linear two-step method of mazimum order, containing
one free parameter. Determine the order and the error constant of the method.
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SoLUTION: Taking ag = a as parameter, the method has the form

Ynt2 + 01Ynt+1 + a¥n = h(B2frt2 + B1fot1 + Bofn) »

with ag = 1, ag = a, P2 # 0. We have to determine four unknowns: a1, 82, f1, 5o, SO we require
four equations; these will be arrived at by demanding that the constants

Co = a+a+a,
Ci = a1 +2—(Bo+p1+p2),
1 1 B
Gy = a(a1+2qa2)*m(ﬁl+2q B2),  q¢=2,3,

appearing in (47) are all equal to zero, given that we wish to maximise the order of the method.
Thus,

Cy = a+a1+1=0,
Ci, = a1 +2—(Bo+P1+pP2)=0,
1
C, = 5(0614-4)—(514-252):07
1 1
C3 = g(a1+8)—5(51+4ﬁ2)=0~
Hence,
op=—-1—-a,
fo=——(1+50), fi=2(-a), f=-(5+a)
0 — 192 a), 1_3 a), 2 — 12 a),
and the resulting method is
1
Yn+2 — (1 + a)ynJrl + ayn = Eh [(5 + a)fnJr? + 8(1 - a)fnJrl - (1 + 5a)fn] . (48)
Further,
1 1 1
Cy = I(a1+16)—§(61+8ﬁ2):—I(l—i-a),
1 1
Cs = (01 +32) = (A1 +1682) = ——= (17 + 13a) .

If a # —1 then Cy # 0, and the method (48) is third order accurate. If, on the other hand, a = —1,
then Cy = 0 and C5 # 0 and the method (48) becomes Simpson’s rule method — a fourth-order
accurate two-step method. The error constant is:

1

Cio= —g(ta),  a#-1, (19)
4

05 = 7m, a=—1. (50)

&

Exercise 3 Determine all values of the real parameter b for which the linear multi-step
method

Yn+3 + (2b - 3)(yn+2 - yn-i-l) —Yn = hb(fn—i-Q + fn+1)

is zero-stable. Show that there exists a value of b for which the order of the method is 4.
Is the method convergent for this value of b? Show further that if the method is zero-stable
than its order cannot exceed 2.
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SOLUTION: According to the root condition, this linear multi-step method is zero-stable if and
only if all roots of its first characteristic polynomial

p(z) =22 +(2b-3)(2* —2) — 1

belong to the closed unit disc, and those on the unit circle are simple.

Clearly, p(1) = 0; upon dividing p(z) by z — 1 we see that p(z) can be written in the following
factorised form:

pz)=(z—1) (=21 =b)z+1) = (2 — L)pi(2) .

Thus the method is zero-stable if and only if all roots of the polynomial p;(z) belong to the closed
unit disc, and those on the unit circle are simple and differ from 1. Suppose that the method is
zero-stable. Then, it follows that b # 0 and b # 2, since these values of b correspond to double
roots of p1(z) on the unit circle, respectively, z = 1 and z = —1. Since the product of the two roots
of p1(z) is equal to 1 and neither of them is equal to +1, it follows that they are strictly complex;
hence the discriminant of the quadratic polynomial p(z) is negative. Namely,

41-0)?-4<0.

In other words, b € (0,2).
Conversely, suppose that b € (0,2). Then the roots of p(z) are

z1 =1, Zoy3=1—=b+1/1—(b—1)2.

Since |zg/3] = 1, 29/3 # 1 and 23 # 23, all roots of p(z) lie on the unit circle and they are simple.
Hence the method is zero-stable.

To summarise, the method is zero-stable if and only if b € (0, 2).

In order to analyse the order of accuracy of the method we note that upon Taylor series
expansion its truncation error can be written in the form

120

If b = 6, then T,, = O(h*) and so the method is of order 4. As b = 6 does not belong to the
interval (0,2), we deduce that the method is not zero-stable for b = 6.

Since zero-stability requires b € (0,2), in which case 1 — % = 0, it follows that if the method is
zero-stable then T,, = O(h?). o

T, = (1 - g) Ry (x) + %(6 — b)YV () + L(150 —23b)h*yY (z,,) + O(R®) .

3.4 Convergence

The concepts of zero-stability and consistency are of great theoretical importance. How-
ever, what matters most from the practical point of view is that the numerically computed
approximations ¥, at the mesh-points z,, n = 0,..., N, are close to those of the analyt-
ical solution y(x,) at these point, and that the global error e, = y(z,) — y, between
the numerical approximation y, and the exact solution-value y(z,) decays when the step
size h is reduced. In order to formalise the desired behaviour, we introduce the following
definition.

Definition 7 The linear multistep method (37) is said to be convergent if, for all initial
value problems (1-2) subject to the hypotheses of Theorem 1, we have that

lim g, = y(zn) (51)
nh=x—xg

holds for all x € [wo, Xar] and for all solutions {y,})_o of the difference equation (37)
with consistent starting conditions, i.e. with starting conditions ys = ns(h), s =
0,1,...,k —1, for which limy_,ons(h) =yo, s=0,1,...,k — 1.
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We emphasize here that Definition 7 requires that (51) hold not only for those sequences
{yn}N_, which have been generated from (37) using ezact starting values ys = y(zs),
5=0,1,...,k — 1, but also for all sequences {y,}"_, whose starting values 75(h) tend to
the correct value, yg, as the h — 0. This assumption is made because in practice exact
starting values are usually not available and have to be computed numerically.

In the remainder of this section we shall investigate the interplay between zero-stability,
consistency and convergence; the section culminates in Dahlquist’s Equivalence Theorem
which, under some technical assumptions, states that for a consistent linear multi-step
method zero-stability is necessary and sufficient for convergence.

3.4.1 Necessary conditions for convergence

In this section we show that both zero-stability and consistency are necessary for conver-
gence.

Theorem 7 A necessary condition for the convergence of the linear multi-step method
(87) is that it be zero-stable.

PROOF: Let us suppose that the linear multi-step method (37) is convergent; we wish to
show that it is then zero-stable.

We consider the initial value problem y’ = 0, y(0) = 0, on the interval [0, X /], Xy > 0,
whose solution is, trivially, y(x) = 0. Applying (37) to this problem yields the difference
equation

OkYntk T U 1Ynik—1+ ...+ oy = 0. (52)

Since the method is assumed to be convergent, for any x > 0, we have that

lim y, =0, (53)
h—0
nh=x

for all solutions of (52) satisfying ys = ns(h), s =0,...,k — 1, where

lim ns(h) =0, s=0,1,...k—1. (54)
h—0

Let z = re™, be a root of the first characteristic polynomial p(2); 7 >0, 0 < ¢ < 27. It is
an easy matter to verify then that the numbers

Yn = hr" cosng
define a solution to (52) satisfying (54). If ¢ # 0 and ¢ # m, then

2
Yn = Yn+1Yn—1 _ ;2 2p
f _— h T' .
sin” ¢

Since the left-hand side of this identity converges to 0 as h — 0, n — oo, nh = z, the
same must be true of the right-hand side; therefore,

2
lim (£> P =0.
n—oo \ n,

30



This implies that » < 1. In other words, we have proved that any root of the first
characteristic polynomial of (37) lies in the closed unit disc.

Next we prove that any root of the first characteristic polynomial of (37) that lies on
the unit circle must be simple. Assume, instead, that z = re'?, is a multiple root of p(z);
|r| =1, 0 < ¢ < 27w. We shall prove below that this contradicts our assumption that the
method (52) is convergent. It is easy to check that the numbers

Yn = WY 2™ cos(ng) (55)
define a solution to (52) which satisfies (54), for
Ins(h)| = lys| < hY2s < WY (k—1), s=0,...k—1.
If $ =0 or ¢ =, it follows from (55) with h = x/n that
lyn| = z'/2nt/2pm (56)

Since, by assumption, |r| = 1, we deduce from (56) that lim,_,~ |yn| = oo, which contra-
dicts (53).
If, on the other hand, ¢ # 0 and ¢ # 7, then

2

25— Zn+1%n—

P T nilind _ g (57)
sin“ ¢

where z, = n~1h=Y2y, = h1/2z71y,. Since, by (53), limy, 00 2p, = 0, it follows that the
left-hand side of (57) converges to 0 as n — co. But then the same must be true of the
right-hand side of (57); however, the right-hand side of (57) of cannot converge to 0 as
n — o0, since |z| = 1. Thus, again, we have reached a contradiction.

To summarise, we have proved that all roots of the first characteristic polynomial p(z)
of the linear multi-step method (37) lie in the unit disc |z| < 1, and those which belong
to the unit circle |z| = 1 are simple. By virtue of Theorem 6 the linear multi-step method
is zero-stable. ¢

Theorem 8 A necessary condition for the convergence of the linear multi-step method
(87) is that it be consistent.

PROOF: Let us suppose that the linear multi-step method (37) is convergent; we wish to
show that it is then consistent.

Let us first show that Cp = 0. We consider the initial value problem 3’ = 0, y(0) = 1,
on the interval [0, Xas], Xps > 0, whose solution is, trivially, y(x) = 1. Applying (37) to
this problem yields the difference equation

OkYntk T U 1Yntk—1+ ...+ oy = 0. (58)

We supply “exact” starting values for the numerical method; namely, we choose ys = 1,
s =0,...,k—1. Given that by hypothesis the method is convergent, we deduce that

lim y, =1. (59)
hh—LOx
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Since in the present case y,, is independent of the choice of h, (59) is equivalent to saying
that
Jim gy, =1. (60)

Passing to the limit n — oo in (58), we deduce that
ag+ag_1+...+a=0. (61)

Recalling the definition of Cj, (61) is equivalent to Cp = 0 (i.e. p(1) = 0).

In order to show that C; = 0, we now consider the initial value problem 3’ = 1,
y(0) = 0, on the interval [0, Xps], X3 > 0, whose solution is y(z) = z. The difference
equation (37) now becomes

QkYn+k + Ok—1Yntk—1 + - . + aoyn = (B + Br—1+ ...+ o) , (62)

where Xy — 29 = X3y — 0= Nhand 1 <n < N — k. For a convergent method every
solution of (62) satisfying

lim ns(h) =0, s=0,1,...k—1, (63)
h—0

where y; = n5(h), s =0,1,...,k — 1, must also satisfy

lim y, =z . (64)
h—0
nh=x

Since according to the previous theorem zero-stability is necessary for convergence, we
may take it for granted that the first characteristic polynomial p(z) of the method does
not have a multiple root on the unit circle |z| = 1; therefore

p/(l):kak—l-...—l-QOzQ—i-Oq 0.
Let the sequence {y,}Y_, be defined by 3, = Knh, where

_ B+ ...+ B2+ 51
kag + ...+ 209 +aq '

(65)

this sequence clearly satisfies (63) and is the solution of (62). Furthermore, (64) implies
that
r=y(x) = lim y, = lim Knh= Kz,

h—0 h—0
nh=x nh=x

and therefore K = 1. Hence, from (65),
Ci = (kap+...+ 202+ 1) = (B +... + P2+ 1) =0

equivalently, p'(1) = o(1). ©
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3.4.2 Sufficient conditions for convergence

We begin by establishing some preliminary results.

Lemma 1 Suppose that all roots of the polynomial p(z) = a2z’ + ...+ a1z + g lie in the
closed unit disk |z| < 1 and those which lie on the unit circle |z| = 1 are simple. Assume
further that the numbers v, 1 =0,1,2,..., are defined by

1
o+ ...+ a2+ gk

=Y +72+722%+...

Then, T' = sup;>q || < o0

PROOF: Let us define p(z) = z¥p(1/z) and note that, by virtue of our assumptions about
the roots of p(z), the function 1/5(z) is holomorphic in the open unit disc |z| < 1. As the

roots z1, 2o, ..., zm of p(z) on |z| = 1 are simple, the same is true of the poles of 1/p(z),
and there exist constants Aq, ..., A,, such that the function
1 Ay Am
fG)=———-——"F—...— (66)
plz)  z— - z— =

is holomorphic for |z| < 1 and |f(2)| < M for all |z| < 1. Thus by Cauchy’s estimate® the
coefficients of the Taylor expansion of f at z = 0 also form a bounded sequence. As

A SN

1 .

;:Aii 22, i=1,...,m,
S 1=0

D

and |z;| < 1, we deduce from (66) that the coefficients in the Taylor series expansion of
1/p(z) form a bounded sequence, which completes the proof. ¢
Now we shall apply Lemma 1 to estimate the solution of the linear difference equation

Qkemtk + Ag—1€mtk—1+ ... +Qpeg = h(ﬁk’,mem—l—k + ﬁk—l,mem-i-k—l +...+ ﬁo,mem) + A
(67)

The result is stated in the next Lemma.

Lemma 2 Suppose that all roots of the polynomial p(z) = apz* + ...+ a1z 4+ aq lie in the
closed unit disk |z| < 1 and those which lie on the unit circle |z| = 1 are simple. Let B*
and A denote nonnegative constants and B a positive constant such that

|Brnl + |Br—1,0] + .- + Bon| < B*,
|Bk,n’§57 IAn| <A, n=01...,N,
and let 0 < h < |ag|B~L. Then every solution of (67) for which

les| < E, s=0,1,...,k—1,

8 Theorem (Cauchy’s Estimate) If f is a holomorphic function in the open disc D(a, R), centre a
and radius R, and |f(z)| < M for all z € D(a, R), then |f"™(a)| < M(n!/R"),n=0,1,2,... . [For a proof
of this result see, for example, Walter Rudin: Real and Complex Analysis. 3rd edition. McGraw-Hill, New
York, 1986.)
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satisfies
len| < K™ exp(nhL*) n=0,1,...,N,

where

L*=T*B*, K*=T*(NA+AEk), T*=T/(1-hlax|"'8),

I' is as in Lemma 1, and
A= |og| + |ag—1] + ... + |ao]

PRrROOF: For a fixed k we consider the numbers v;, [ =0,1,...,n—k, defined in Lemma 1.
After multiplying both sides of the equation (67) form =n—k—Iby v,1=0,1,...,n—k
and summing the resulting equations, on denoting by .5, the sum, we find by manipulating
the left-hand side in the sum that

Sp = (agen +ag_1€n-1+ ...+ aon k)%
+(aken—1+ap_1€p—2+ ...+ ln_k_1)7 +---
+(aner + ap_1er—1 + ... + 0€0)Yn—k

= agpyoen + (axm + ar—170)€n—1+ - ..
Ok Yn—k + W 1Vn—k—1 + - - - + Q0Yn—2k)€k
H(h—1Vn—k + -+ OVn—2kt1)k—1 F ...
+ooYn—k€o -

Defining v; = 0 for I < 0 and noting that

1 forl=0
L R e Sl W (68)

we have that
Sn=en+ (h—1Yn—k + -+ Q0Vn—2k+1)€k—1+ .. + QYn_kE€O0 -
By manipulating similarly the right-hand side in the sum, we find that

en + (U—1Yn—k + - + QW Vn—2k41)€k—1 + - - - + QAOYn—k€0
= h[Br n—rv0€n + (Be—1,n—70 + Brn—k—171)€n—1 + . ..
+ (Boa—ky0 + - - - + Brn—2kVk)en—k + - - - + Bo,0Yn—ke0]
F( Ak + Ak + o AoYnk) -

Thus, by our assumptions and noting that by (68) vy = alzl,

n—1
len| < hBlag | len| + hTB* > |em| + NT'A + ATEE .

m=0

Hence,
n—1

(1= hBla;'|)|en| < BTB* > |em| + NTA + ATEF .

m=0
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Recalling the definitions of L* and K* we can rewrite the last inequality as follows:

n—1
len| < K* +hL* > lem|, n=0,1,...,N . (69)

m=0

The final estimate is deduced from (69) by induction. First, we note that by virtue of
(68), AT' > 1. Consequently, K* > TAEk > Ek > E. Now, letting n = 1 in (69),

le1] < K* + hL*|eg| < K*+ hL*E < K*(1+ hL") .
Repeating this argument, we find that
lem| < K*(1 4 hL*)™ m=0,....,k—1.

Now suppose that this inequality has already been shown to hold for m =0,1,...,n — 1,
where n > k; we shall prove that it then also holds for m = n, which will complete the
induction. Indeed, we have from (69) that

1+ hL* )" —1
len| < K* + hL*K*(Jth*) = K*(1+ hL*)™. (70)
Further, as 1 + hL* < e we have from (70) that
len| < K*ehtm n=0,1,...,N . (71)

That completes the proof of the lemma. We remark that the implication (69) = (71) is
usually referred to as the Discrete Gronwall Lemma. ¢

Using Lemma 2 we can now show that zero-stability and consistency, which have been
shown to be necessary are also sufficient conditions for convergence.

Theorem 9 For a linear multi-step method that is consistent with the ordinary differen-
tial equation (1) where f is assumed to satisfy a Lipschitz condition, and starting with
consistent starting conditions, zero-stability is sufficient for convergence.

PRrROOF: Let us define

0=0(h) = max |ns(h)—yla+sh)|;

given that the starting conditions ys = ns(h), s = 0,...,k, are assumed to be consistent,
we have that limj,_,od(h) = 0. We have to prove that

lim y, =y(z)

n—oo
nh=x—xg

for all z in the interval [zg, X3s]. We begin the proof by estimating the truncation error

of (37):

1 k
T, = ho(1) jgoajy(ﬁﬂnﬂ') — hBiy (Tn+j) | - (72)
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As y' € Clxg, Xps], it makes sense to define, for € > 0, the function

x(e)= max [|J(z") -y ()]

|z* —z|<e

xvx*E[x()yXM]

For s =0,1,...,k, we can then write

y,($n+5) = y/(xn) + 0sx(sh) ,

where |6s] < 1. Further, by the Mean Value Theorem, there exists {s € (2, Zp+s) such
that

Y(Tnts) = y(zn) + shy'(Es) -
Thus,
Y(Tm+s) = y(zm) + sh [y/(mm) + HISX(Sh’):I )

where |0 < 1.
Now we can write

lo()T,| < ‘h_l(al +ao+ ..+ ap)y(Tn) + (a1 + 200 + ...+ kag)y (z,)

— (Bo+Br+ ...+ Be)y (zn)]
+(ar| + 2|lag| + ... + klok]) [x(kR)| + (|80l + 81| + - .. + Bl Ix (k)] -

Since the method has been assumed consistent, the first, second and third terms on the
right-had side cancel, giving

o) Tn| < (Joaf + 2faaf + ... + klarIx(RR)[ + (8ol + [B1] + - + [BrDIx(kR)] -

Thus,
lo(1)T] < Kx(kh) . (73)

where
K = |aq| +2[azg| + ... + klag| + |Bol + [B1] + .. + | Bl -

Comparing (37) with (72), we conclude that the global error e, = y(x,) — ym, satisfies
Wkemik + -+ a0 = h (Begmtkemtk + - - - + Bogmem) + o(1)Tnh
where

o — { f @ y(@m) = f @)l fem - em # 0
" 0, em=0.

By virtue of (73), we then have that

lmik + -+ o = b (Brgmiklmik + - - + Bogmem) + OKx(kh)h .

As f is assumed to satisfy the Lipschitz condition (3) we have that |g,| < L, m=0,1,....
On applying Lemma 2 with E = §(h), A = Kx(kh)h, N = (Xp —x0)/h, B* = BL, where
B =|po| + |51] + - .- + |Bk|, we find that

len] <T*[AkS(h) + (Xar — zo) Kx(kh)] exp[(zn — 2z0) LI B] , (74)
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where

r

A= |ag| + |at] + ...+ |ag|, M=
1 — h|a; Byl L

Now, ¢/ is a continuous function on the closed interval [z, X /]; therefore it is uniformly
continuous on [zg, Xps]. Thus, x(kh) — 0 as h — 0; also, by virtue of the assumed
consistency of the starting values, 6(h) — 0 as h — 0. Passing to the limit h — 0 in (74),
we deduce that

lim ey, =0;

n— oo
r—xo=nh

equivalently,
lim  |y(z) —yn[ =0

n—o0
r—xo=nh

so the method is convergent. ¢
On combining Theorems 7, 8 and 9, we arrive at the following important result.

Theorem 10 (Dahlquist) For a linear multi-step method that is consistent with the
ordinary differential equation (1) where f is assumed to satisfy a Lipschitz condition,
and starting with consistent initial data, zero-stability is necessary and sufficient for con-
vergence. Moreover if the solution y(x) has continuous derivative of order (p + 1) and
truncation error O(hP), then the global error e, = y(xy) — yn is also O(hP).

By virtue of Dahlquist’s theorem, if a linear multi-step method is not zero-stable its
global error cannot be made arbitrarily small by taking the mesh size h sufficiently small
for any sufficiently accurate initial data. In fact, if the root condition is violated then
there exists a solution to the linear multi-step method which will grow by an arbitrarily
large factor in a fixed interval of z, however accurate the starting conditions are. This
result highlights the importance of the concept of zero-stability and indicates its relevance
in practical computations.

3.5 Maximum order of a zero-stable linear multi-step method

Let us suppose that we have already chosen the coefficients o, j = 0, ..., k, of the k-step
method (37). The question we shall be concerned with in this section is how to choose
the coefficients 3;, j = 0, ..., k, so that the order of the resulting method (37) is as high
as possible.

In view of Theorem 10 we shall only be interested in consistent methods, so it is natural
to assume that the first and second characteristic polynomials p(z) and o(z) associated
with (37) satisfy p(1) = 0, p/(1) — o(1) = 0, with o(1) # 0 (the last condition being
required for the sake of correctness of the definition of the truncation error (46)).

Consider the function ¢ of the complex variable z, defined by

o(z) = 2 () (75)

- log 2z

the function logz appearing in the denominator is made single-valued by cutting the
complex plane along the half-line 8z < 0. We begin our analysis with the following
fundamental lemma.
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Lemma 3 Suppose that p is a positive integer. The linear multistep method (37), with
stability polynomials p(z) and o(2), is of order of accuracy p if and only if the function
@(2) defined by (75) has a zero of multiplicity p at z = 1.

PROOF: Let us suppose that the k-step method (37) for the numerical approximation of
the initial value problem (1-2) is of order p. Then, for any sufficiently smooth function
f(x,y), the resulting solution to (1-2) yields a truncation error of the form:

— % p, (p+1) p+1
Tn_a(l)hy (zp) + O(RP™) |

as h = 0, Cpt1 # 0, , = £9 + nh. In particular, for the initial value problem

v=y, y0)=1,
we get
nh
_ O by by — onh CptL ptl
L= 50 [p(e") = ha(eh)] = Sy oW (76)

as h = 0, Cp41 # 0. Thus, the function

£) = 3 [ole®) ~ hoteh)]

is holomorphic in a neighbourhood of h = 0 and has a zero of order p at h = 0. The
function z = e” is a bijective mapping of a neighbourhood of k& = 0 onto a neighbourhood
of z = 1. Therefore ¢(z) is holomorphic in a neighbourhood of z = 1 and has a zero of
multiplicity p at z = 1.

Conversely, suppose that ¢(z) has a zero of multiplicity p at z = 1. Then f(h) = ¢(e")
is a holomorphic function in the vicinity of h = 0 and has a zero of multiplicity p at h = 0.
Therefore,

k
Z ;— hB;)elt

has a zero of multiplicity (p+ 1) at h = O, implying that ¢(0) = ¢/(0) = ... = ¢ (0) = 0,
but gt (0) # 0. First,

k
0)=0=> aj;=
j=0

Now, by successive differentiation of g with respect to h,

k
g0)=0=> (joj — B;) =C1,
j=0
k

g"(0) =0="> (j*a; —2jB;) = 2C,,
=0
k
g"(0) =0="> (5%a; —3;°8;) = 2Cs ,
=0

etc.

k
g0 Z P —piP7LB;) = p! Cp .
7=0
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We deduce that Co = Oy = Cy = ... = C,, = 0; since g1 (0) # 0 we have that Cpy1 # 0.
Consequently (37) is of order of accuracy p. <

We shall use this lemma in the next theorem to supply a lower bound for the maximum
order of a linear multistep method with prescribed first stability polynomial p(z).

Theorem 11 Suppose that p(z) is a polynomial of degree k such that p(1) = 0 and p'(1) #
0, and let k be an integer such that 0 < k < k. Then there ewists a unique polynomial
o(2) of degree k such that p/(1) — o(1) = 0 and the order of the linear multi-step method
associated with p(z) and o(z) is > k+ 1.

PROOF: Since the function p(z)/log(z) is holomorphic in the neighbourhood of z =1 it
can be expanded into a convergent Taylor series:

p(z)

@:CO+01(2_1)+C2(Z_1)2+“' .

On multiplying both sides by log z and differentiating we deduce that ¢g = p'(1) (# 0).
Let us define

o(z) :co—i—cl(z—1)+...—|—c];(z—1)i€.
Clearly o(1) = co = p'(1) (# 0). With this definition,

k+1_}_”

M

o(2) p(2)

= o 2 —o0(2) = (2 —1)

and therefore ¢(z) has a zero at z = 1 of multiplicity not less than k+ 1. By Lemma 3
the linear k-step method associated with p(z) and o(z) is of order > k + 1.

The uniqueness of o(z) possessing the desired properties follows from the uniqueness
of the Taylor series expansion of ¢(z) about the point z =1. ¢

We note in connection with this theorem that for most methods of practical interest
either k = k — 1 resulting in an explicit method or k =k corresponding to an implicit
method. In the next example we shall encounter the latter situation.

Example 5 Consider a linear two-step method with p(z) = (z — 1)(z — A). The method
will be zero-stable as long as A € [—1,1). Consider the Taylor series expansion of the
function p(z)/log(z) about the point z = 1:

pe) _ =DI-A+(:-1)
log z log[1+ (=2 —1)]
_ 12 13 -1
= [1—)\+(z—1)]><{1—z 1+(Z ) _ (-1 +O((z—1)4)}
2 3 4
P U TR IO EITH S S Gl ) S Gl ) SO YT
B 2 12 24
B 3—A 54+ A 9 14+A 3 4
= 1-)X+ 5 (z—1)+ D (z—1) 51 (z—1)°4+0((z—1)%) .
A two-step method of maximum order is obtained by selecting
o) = 1-2+ 2+ 22 oy
B _1+5/\+2—2/\ +5+)\ 9
T 3 012 7
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If X\ # —1, the resulting method is of third order, with error constant

_L1+A

04: 24 )

whereas if A = —1 the method is of fourth order.
In the former case the method is

5+ A 2 -2\ 1+ 5A
Yni2 — (L+A) + Ay =h <—fn+2 + fnt1 — B fn)

12 3
with X a parameter contained in the interval (—1,1). In the latter case, the method has
the form

_(fn+2 +4fn+1 + fn) )

h
Yn+2 — Yn = 3

and is referred to as Simpson’s method.

By inspection, the linear k-step method (37) has 2k+2 coefficients: «;, 85,7 =0,...,k,
of which a4, is taken to be 1 by normalisation. This leaves us with 2k + 1 free parameters
if the method is implicit and 2k free parameters if the method is implicit (given that in
the latter case fy is fixed to have value 0). According to (47), if the method is required to
have order p, p + 1 linear relationships Cy = 0,...,C}, = 0 involving «;, B, j = 0,...,k,
must be satisfied. Thus, in the case of the implicit method, we can impose p+1 =2k + 1
linear constraints Cp = 0, ..., Cor41 = 0 to determine the unknown constants, yielding
a method of order p = 2k. Similarly, in the case of an explicit method, the highest order
we can expect is p = 2k — 1. Unfortunately, there is no guarantee that such methods will
be zero-stable. Indeed, in a paper published in 1956 Dahlquist proved that there is no
consistent, zero-stable k-step method which is of order > (k+2). Therefore the maximum
orders 2k and 2k — 1 cannot be attained without violating the condition of zero-stability.
We formalise these facts in the next theorem.

Theorem 12 There is no zero-stable linear k-step method whose order exceeds k+ 1 if k
is odd or k+ 2 if k is even.

PRrROOF: Consider a linear k-step method (37) with associated first and second stability
polynomials p and o. Further, consider the transformation
¢(—1
€ceC—_——¢cC

¢ ¢+1
which maps the open unit disc |(| < 1 of the (-plane onto the open half-plane Rz < 0 of
the z-plane; the circle |¢| = 1 is mapped onto the imaginary axis $tz = 0, the point { =1
onto z = 0, and the point ( = —1 onto { = co.

It is clear that the functions r and s defined by

0= () () o= () ()

are in fact polynomials, deg(r) < k and deg(s) < k.
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If p(¢) has a root of multiplicity p, 0 < p < k, at ( = {9 # —1, then r(2) has a root
of the same multiplicity at z = ({o — 1)/(¢o + 1); if p({) has a root of multiplicity p > 1,
0 <p<k, at ( =—1, then r(z) is of degree k — p.

Since, by assumption, the method is zero-stable, ( = 1 is a simple root of p((); conse-
quently, z = 0 is a simple root of r(z). Thus,

r(z):a12+a2z2—|—...+akzk, a1 #0, aj € R .

It can be assumed, without loss of generality, that a; > 0. Since by zero stability all roots
of p(¢) are contained in the closed unit disc, we deduce that all roots of r(z) have real
parts < 0. Therefore, all coefficients a;, j = 1,..., k, of r(z) are nonnegative.

Now let us consider the function

0= (55) o (12) = e 0.

1-2

The function ¢(z) has a zero of multiplicity p at z = 0 if and only if ¢(¢) defined by (75)
has a zero of multiplicity p at { = 1; according to Lemma 3 this is equivalent to the linear
k-step method associated with p(¢) and o(¢) having order p. Thus if the linear k-step
method associated with p(z) and o(z) has order p then

s(z) =bo+ b1z + boz? + ...+ bp_lzpfl ,

where )

z r(z
W—:bo—‘—blz—‘—bQZQ—F... .

log = =z

As the degree of s(z) is < k, the existence of a consistent zero-stable k-step linear multistep
method of order p > k + 1 (or p > k + 2) now hinges on the possibility that

bk+1:---: p,1:0, (Orbk+2:...: p,1:0).

Let us consider whether this is possible.

We denote by cg, c1, ¢, . . ., the coefficients in the Taylor series expansion of the function
z
itz °
10g ﬁ
namely,
o 2 4
T =co+cz"+cyzm+ ... .
lOg 12

Then, adopting the notational convention that a, = 0 for v > k, we have that

bo = coao,
bi = caz,
etc.
by = coazut1+ a2, 1+ ... +cpar,
boavy1 = coQout2 + coa9, + ...+ copag v=12,....
It is a straightforward matter to prove that cg, < 0, v = 1,2,... (see also Lemma 5.4 on

page p.233 of Henrici’s book).
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(i) If k is an odd number, then, since a, = 0 for v > k, we have that
bry1 = c2a + a2 + ...+ Cpp107 -
Since a; > 0 and no a, is negative, it follows that by; < 0.

(ii) If £ is an even number, then
bp+1 = caay + cqap—o + ...+ craz .

Since ¢z, <0, v =1,2,...,and ay, > 0, p = 2,3,...,k, we deduce that by = 0 if
and only if ag = a4 = ... = a; = 0, i.e. when r(z) is an odd function of z. This,
together with the fact that all roots of 7(z) have real part < 0, implies that all roots
of r(z) mush have real part equal to zero. Consequently, all roots of p(¢) lie on
|| = 1. Since ay, = 0, the degree of 7(z) is k — 1, and therefore —1 is a (simple) root

of p(¢).

As ¢, <0, ay, > 0 and a; > 0, it follows that
bpy2 = caa—1 + ceag—3 + ...+ cpyoa1 <0,
showing that by, o # 0.

Thus if a k-step method is zero-stable and k is odd then bx1q # 0, whereas if k is even
then bgys. This proves that there is no zero-stable k-step method whose order exceeds
k+1ifkisodd or k+2if kiseven. o

Definition 8 A zero-stable linear k-step method of order k + 2 is said to be an optimal
method.

According to the proof of the previous theorem, all roots of the first characteristic
polynomial p associated with an optimal linear multistep method have modulus 1.

Example 6 Ask+2 = 2k if an only if kK = 2 and Simpson’s rule method is the zero-stable
linear 2-step method of mazimum order, we deduce that Simpson’s rule method is the only
zero-stable linear multistep method which is both of maximum order (2k = 4) and optimal
(k+2=4).

Optimal methods have certain disadvantages in terms of their stability properties; we
shall return to this question later on in the notes.

Linear k-step methods for which the first characteristic polynomial has the form
p(z) = 2F — 2#=1 are called Adams methods. Explicit Adams methods are referred to
as Adams—Bashforth methods, while implicit Adams methods are termed Adams—
Moulton methods. Linear k-step methods for which p(z) = 2¥ — 272 are called
Nystrom methods if explicit and Milne—Simpson methods if implicit. All these

methods are zero-stable.
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3.6 Absolute stability of linear multistep methods

Up to now we have been concerned with the stability and accuracy properties of linear
multistep methods in the asymptotic limit of h — 0, n — oo, nh fixed. However, it is of
practical significance to investigate the performance of methods in the case of h > 0 fixed
and n — oo. Specifically, we would like to ensure that when applied to an initial value
problem whose solution decays to zero as x — oo, the linear multistep method exhibits a
similar behaviour, for h > 0 fixed and x,, = zo + nh — .

The canonical model problem with exponentially decaying solution is

y=Xy, >0, y(0)=uyo(£0), (77)
where RA < 0. Indeed,
y(:ﬂ) — y062$%)\e$§R}\ 7
and therefore,
ly(@)] <exp(—z|RA), x>0,

yielding lim,_,~ y(x) = 0 . Thus, using the terminology introduced in the last paragraph
of Section 1, the solution is asymptotically stable.

In the rest of the section we shall assume, for simplicity, that A is a negative real
number, but everything we shall say extends straightforwardly to the general case of A
complex, RA < 0.

Now consider the linear k-step method (37) and apply it to the model problem (77)
with A real and negative. This yields the linear difference equation

k

> (0 = hAB}) sy = 0.

J=0

Given that the general solution y, to this homogeneous difference equation can be ex-
pressed as a linear combination of powers of roots of the associated characteristic polyno-
mial

m(z;h) = p(z) — ho(z) , (h = h\), (78)

it follows that y,, will converge to zero for h > 0 fixed and n — oo if and only if all roots of
7(z; h) have modulus < 1. The kth degree polynomial 7(z; h) defined by (78) is called the
stability polynomial of the linear k-step method with first and second characteristic
polynomials p(z) and o(z), respectively. This motivates the following definition.

Definition 9 The linear multistep method (37) is called absolutely stable for a given
h if and only if for that h all the roots rs = rs(h) of the stability polynomial 7(z,h) defined
by (78) satisfy |rs| < 1, s = 1,...,k. Otherwise, the method is said to be absolutely
unstable. An interval (o, B) of the real line is called the interval of absolute stability
if the method is absolutely stable for all h € (o, 3). If the method is absolutely unstable
for all h, it is said to have mno interval of absolute stability.

Since for A > 0 the solution of (77) exhibits exponential growth, it is reasonable
to expect that a consistent and zero-stable (and, therefore, convergent) linear multistep
method will have a similar behaviour for A > 0 sufficiently small, and will be therefore
absolutely unstable for small h = Ah. According to the next theorem, this is indeed the
case.
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Theorem 13 Every consistent and zero-stable linear multistep method is absolutely un-
stable for small positive h.

PRrROOF: Given that the method is consistent, there exists an integer p > 1 such that

Co=C1=...=C,=0and Cpy1 #0. Let us consider
m(ehih) = ple") ~ho(e")
= Z {ajehj — Bﬁjeﬁj}
7=0
hq+1]q
S 3> ]
j=0] ¢=0 % ¢!

=0 =0 q=1 (g

= Y Chi=0(rt. (79)
g=p+1

On the other hand, noting that the polynomial 7(z;h) can be written in the factorised
form

7(z,h) = (o — hBp)(z —71) ... (2 — 1)
where rs = 74(h), s = 1,..., k, signify the roots of m(.; k), we deduce that

w(ehs ) = (an — )" — 11 (B) ... (e — ro(R)) (80)

Ash =0, ap — hfBr — ar # 0 and r4(h) = (s, s = 1,...,k, where (s, s = 1,...,k,
are the roots of the first stability polynomial {(z). Since, by assumption, the method is
consistent, 1 is a root of ((z); furthermore, by zero-stability 1 is a simple root of {(z). Let
us suppose, for the sake of definiteness that it is {; that is equal to 1. Then, (s # 1 for
s # 1 and therefore

hm(e —rs(h))=(1—-¢) #0, s#1.

h—0

We conclude from (80) that the only factor of 7(eh; h) that converges to 0 as h — 0is
el —r1(h) (the other factors converge to nonzero constants). Now, by (79), m(eh;h) =
O(hPt1), so it follows that

e —ri(h) = O(RPHY) .

44



Thus we have shown that - B ~
ri(h) ="+ O(hPt) .

This implies that
_ 1_

for small positive h. That completes the proof. ¢

According to the definition adopted in the previous section, an optimal k-step method
is a zero-stable linear k-step method of order k + 2. We have also seen in the proof
of Theorem 12 that all roots of the first characteristic polynomial of an optimal k-step
method lie on the unit circle. By refining the proof of Theorem 13 it can be shown that
an optimal linear multistep method has no interval of absolute stability.

It also follows from Theorem 13 that whenever a consistent zero-stable linear multistep
method is used for the numerical solution of the initial value problem (1-2) where g—’; >0,
the error of the method will increase as the computation proceeds.

3.7 General methods for locating the interval of absolute stability

In this section we shall describe two methods for identifying the endpoints of the interval
of absolute stability. The first of these is based on the Schur criterion, the second on the
Routh-Hurwitz criterion.

3.7.1 The Schur criterion

Consider the polynomial
o(r) =cpr®+ ...+ err +co ck #0, ¢co#0,

with complex coefficients. The polynomial ¢ is said to be a Schur polynomial if each
of its roots ry satisfies |rg| <1, s =1,...,k.
Let us consider the polynomial

o(r) =cor* +art M+t ar +a,
where ¢; denotes the complex conjugate of ¢;, j = 1,..., k. Further, let us define
174 R
01(r) = = [6(0)(r) = $(0)(r)] -

Clearly ¢1 has degree < k — 1.
The following key result is stated without proof.

Theorem 14 (Schur’s Criterion) The polynomial ¢ is a Schur polynomial if and only
if |@(0)| > |¢(0)| and ¢1 is a Schur polynomial.

We illustrate Schur’s criterion by a simple example.

Exercise 4 Use Schur’s criterion to determine the interval of absolute stability of the
linear multistep method

h
Yn+2 — Yn = 9 (fn+1 + 3fn) .
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SoLUTION: The first and second characteristic polynomials of the method are
9 1
p(z)=2"-1, U(z):§(z+3).
Therefore the stability polynomial is

7(r;h) = p(r) — ho(r) = r* — %/‘w - <1 + ;’%) .

Now,
#(r;h) = — 1+§_ 7"2—1/_17“—#1
T 2 2 ’
Clearly, |#(0; h)| > |#(0, k)| if and only if h € (—%,0). As

mi(r k) = —%m + ;B)(Sr +1)

has the unique root —% and is, therefore, a Schur polynomial, we deduce from Schur’s criterion

that 7(r; h) is a Schur polynomial if and only if h € (f%,O). Therefore the interval of absolute
stability is (—3,0). ©

3.7.2 The Routh—Hurwitz criterion
Consider the mapping
r—1
r+1
of the open unit disc |r| < 1 of the complex r-plane to the open left half-plane Rz < 0 of
the complex z-plane. The inverse of this mapping is given by
1tz
S l-z

r

Under this transformation the function

7(r,h) = p(r) — ho(r)

(1—|—Z)_h (1+2)
P12 \1-%)

On multiplying this by (1 — 2)¥, we obtain a polynomial of the form

becomes

ap?® + a1 2"V oy (81)
The roots of the stability polynomial 7(r, h) lie inside the open unit disk |r| < 1 if and
only if the roots of the polynomial (81) lie in the open left half-plane Rz < 0.

Theorem 15 (Routh—Hurwitz Criterion) The roots of (81) lie in the open left half-
plane if and only if all the leading principal minors of the k x k matriz

aq as as ... a9k—1 1
apy a2 a4 ... Qa2k—2
0= 0 a1 a3z ... agk_3
0 ap a2 ... Qa2k—4

L0 0 0 ... a |

are positive and ag > 0; we assume that a; = 0 if j > k. In particular,
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a) fork=2:a90>0, a; >0, ax >0,
b) fork=3:a9>0,a; >0, a2 >0,a3>0, ajaz —azag > 0,
c) fork=4:ay>0,a >0,a3>0,a3>0,a4 >0, alagag—aoag—a4a%>0

represent the necessary and sufficient conditions for ensuring that all roots of (81) lie in
the open left half-plane.

We illustrate this result by a simple exercise.

Exercise 5 Use the Routh—Hurwitz criterion to determine the interval of absolute stability
of the linear multistep method from the previous exercise.
SOLUTION: On applying the substitution

142
r =
1—=2

in the stability polynomial
- 1- 3
h)=1r%—_hr— (14 Zh
w(r,h) =r 5T ( +2 )

and multiplying the resulting function by (1 — 2)?, we get

2
142 1- (142 3- 9
—_— - _— 1 _— =
(1—2) 2h(1_z> ( +2h>‘| agz” + a1z + a

ag = —h, ar =4+ 3h, as = —2h .

with

Applying part a) of Theorem 15 we deduce that the method is zero-stable if and only if & € (—%, 0);
hence the interval of absolute stability is (—3,0). o

We conclude this section by listing the intervals of absolute stability («,0) of k-step
Adams—Bashforth and Adams—Moulton methods, for k = 1,2,3,4. We shall also supply
the orders p* and p and error constants Cp«y1 and Cpy1, respectively, of these methods.
The verification of the stated properties is left to the reader as exercise.

k-step Adams—Bashforth (explicit) methods:

(1) k=1,p*=1, Cpry1 =

7a:_27

N[

y1 — Yo =hfo;

(2) k:27p*:270p*+1:%705:_17

h
Y2 —y1 = 5(3f1 — fo)s

=

(3) k=3,p* =3, Cprq1 =

oolw
Il
|

Q
—
=

h
Y3 — Y2 = E(23f2 —16f1 4+ 5f0) ;
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(4) k:47p*:4vcp*+1:%7a:_%7

h
Ys— Y3 = ﬂ(55f3 —59f2 4+ 37f1 —9fo) -

k-step Adams—Moulton (implicit) methods:

(1) k:17p2270p+1:_%705:_007

h
yl_yO:§(f1+fO)§

(2) k:27p:37cp+1:_ﬁ7a:_67

h

yz—ylzﬁ(5f2+8f1—f0);
(3) k:37p:4acp+1:_%7a:_37
h
y3—y2=ﬂ(9fs+19f2—5f1+f0);
(4) k:47p:5acp+1:_%107a:_%7

h
Ys — Y3 = %(251]04 + 646 f3 — 264 f> + 106 f1 — 19f0) .

We notice that the k-step Adams—Moulton (implicit) method has larger interval of absolute
stability and smaller error constant than the k-step Adams—Bashforth (explicit) method.
3.8 Predictor-corrector methods

Let us suppose that we wish to use the implicit linear k-step method
k k
> yny; =hY Bifnris g B #0.
§=0 J=0

Then, at each step we have to solve for y,1x the equation

k-1
ik — MBS (Tnsks Ynak) = Y (ABj frtj — QjYnts) -
=0

If h < |ag|/(L|Bx|) where L is the Lipschitz constant of f with respect to y (as in Pi-
card’s Theorem 1), then this equation has a unique solution, y,, ; moreover, ¥, can be
computed by means of the fixed-point iteration

k—1 k-1
1
ak‘yr[f:k} + Z AjYn+j = hﬁk:f(xn—i—k, yfl»k) + h Z lﬁjf’n+] ; s = 17 27 37 B
340 i=0
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[0]

with y,~ , a suitably chosen starting value.
Theoretically, we would iterate until the iterates y[ ] have converged (in practice, until
some stopping criterion such as ]yL:k] -y, Jrk| < €is satlsﬁed, where € is some preassigned

tolerance). We would then regard the converged value as an acceptable approximation
Yn+k to the unknown analytical solution-value y(z,1x). This procedure is usually referred
to as correcting to convergence.

Unfortunately, in practice, such an approach is usually unacceptable due to the amount
of work involved: each step of the iteration involves an evaluation of f(zk, yT[ik) which
may be quite time-consuming. In order to keep to a minimum the number of times

/ ($n+k,y,[ik) is evaluated, the initial guess yr[?ik
[0]

achieved by evaluating y, '\, by a separate explicit method called the predictor, and
taking this as the initial guess for the iteration based on the implicit method. The implicit
method is called the corrector.

For the sake of simplicity we shall suppose that the predictor and the corrector have the
same number of steps, say k, but in the case of the corrector we shall allow that both ag
and By vanish. Let the linear multistep method used as predictor have the characteristic
polynomials

must be chosen accurately. This is

k k—1
:Za;z], ap =1, g*(z):Zﬂ;Z]7 (82)
j=0 J=0

and suppose that the corrector has characteristic polynomials

k k
z) = Zajzj , ap=1, o(z) = Zﬁjzj . (83)
j=0 Jj=0

Suppose that m is a positive integer: it will denote the number of times the corrector is
applied; in practice m < 2. If P indicates the application of the predictor, C' a single
application of the corrector, and E an evaluation of f in terms of the known values of its
arguments, then P(EC)™E and P(EC)™ denote the following procedures.

a) P(EC)™

yn+k+zayn+}] = h26 Al

7=0
f}lsJ]rk = f(anrkH yr[ll»k) )
[s+1] CIE S
;Hc +Z%yn+] = h/kaS -l-hZﬁjfnﬁj, s=0,...,m—1,
3=0 j=0
m]  _ [m]
fn+k f(xn+k7yn+k) s
forn=20,1,2,....
b) P(EC)™

yn+k + Z a*y,[ﬁ]] = h Z B niﬂw ! ’
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Ibe = F@nin y,[fik)

yo iy Za]yk’ﬂj = hﬁkfmmzﬁj s =0, m—1,
7=0

forn=20,1,2,....

3.8.1 Absolute stability of predictor-corrector methods
Let us apply the predictor-corrector method P(EC)™E to the model problem

v =Xy,  y(0)=uwo (#0), (84)

where A < 0, whose solution is, trivially, the decaying exponential y(x) = ygexp(Az),
x > 0. Our aim is to identify the values of the step size h for which the numerical solution
computed by the P(EC)™E method exhibits a similar exponential decay. The resulting
recursion is

k—1
yn-i—k + Za ynn—r—g = hZBjynTij )
7=0
41 ] PN g0
Uiie +Zajyn’1j — B R B =0, m—1,
j=0
for n = 0,1,2,..., where h = Ah. In order to rewrite this set of equations as a single
[m]  [m] [m]

difference equation involving yn ', Y, 11, - - - Yy, 4, Only, we have to eliminate the intermediate

[0] [m—1]

ks> Ynar  irom the above recursion.

[0]

Let us first take s = 0 and eliminate y,, , form the resulting pair of equations to obtain

stages involving y

k—1 k—1
yn+k + Z aﬂynﬂ - h/Bk (h Z 6*y7[1ﬂ}r13 Z a*yiﬁ%) +h Z Bjygi]j )
=0 =0

7=0

O - this gives,

Now take s = 1 and use the last equation to eliminate y,_

k—1
U+ Z ajynt; = By [hﬁk (h PINHTEDS 0‘;%%)
=0

7=0
ml | L7 N g0
+h Z Bﬂynﬂ Z jYpij| T > BiYntj -
Jj=0 =0
Equivalently,
2 N
Ynyr + (1 + hﬁk) Z O‘jynﬁj
7=0
] =0 ] =0
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By induction,

k—1
yr[:i]k + (1 +hBL+ ...+ (ﬁﬂk)mfl) Z aijnﬂj

k—1
<M7@zﬁszaMJ(Hwﬁm+wwﬁmzwm.
7=0

[m] [m]

For m fixed, this is a kth order difference equation involving yn ", ...,y, . In order to
ensure that the solution to this exhibits exponential decay as n — oo, we have to assume
that all roots to the associated characteristic equation

k—1
by (1 +hB+ ...+ (Bﬁk)m—l) >

Jj=0

k-1 k—1
= (hBx)™ (hZB 2!~ Za ZJ) + (L4 RBe+ .+ (B ) R B

=0

have modulus < 1. This can be rewritten in the equivalent form
A 4 (T hBe 4+ (RB)™ 1) (p(2) = ho(2) + (RB)™ (p"(2) — ho*(2)) =0,
where
A=1+ (1 +hBp+ ...+ (Bﬂk)mfl) (hBr — ai) + (hB)" (hBy — %) ,

Now, since a, = af, = 1 and 3] = 0, we deduce that A = 0, and therefore the characteristic
equation of the P(EC)™E method is

mpcynp(%;h) = p(2) — ho(2) + M (h)(p"(2) — ho™(2)) =0,

where .

- = , m>1.
1+ hBk+ ...+ (hBg)™ 1
Here, mppcym g(2; h) is referred to as the stability polynomial of the predictor-corrector
method P(EC)"E.

By pursuing a similar argument we can also deduce that the characteristic equation of
the predictor corrector method P(EC)™

tpioy (3i8) = (z) — ho(2) + 20

Here, mp( Ec)m(z; h) is referred to as the stability polynomial of the predictor-corrector
method P(EC)™

With the predictor and corrector specified, one can now check using the Schur criterion
or the Routh—-Hurwitz criterion, just as in the case of a single multi-step method, whether
the roots of mppcymp(2; h) and TpEc)m (2; h) all lie in the open unit disk |z| < 1 thereby
ensuring the absolute stability of the P(EC)™E and P(EC)™ method, respectively.

(p"(z)o(2) = p(2)07(2)) = 0.
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Let us suppose, for example, that |hBr] < 1, i.e. that 0 < h < 1/|ABg|; then,
lim,,—y00 My, (h) = 0, and consequently,

Jim wppeymp(z;h) = (2, h) Jim wppeym (2;h) = 7(z,h)
where 7(z;h) = p(z) — ho(2) is the stability polynomial of the corrector. This implies
that in the mode of correcting to convergence the absolute stability properties of the
predictor-corrector method are those of the corrector alone, provided that |hfk| < 1.

3.8.2 The accuracy of predictor-corrector methods

Let us suppose that the predictor P has order of accuracy p* and the corrector has order of
accuracy p. The question we would like to investigate here is: What is the overall accuracy
of the predictor-corrector method?

Let us consider the P(EC)™E method applied to the model problem (84) with m > 1.
We have that

mpeym (s h) = p(e") = ha(€") + My (h)(p* (") — ha*(e"))
= O(A"*!) + My (R)O(RP" )
_ O(ﬁerl + ;’Lp*+m+1)
O(hP*! + hPt2) if p* > p
={ O(hPth) ifp=p—q,0<qg<pandm >gq
O(RPTY 4 pp—atmtly if p* —p g 0<g<pandm<qg—1.

Consequently, denoting by T, > (EO™E the truncation error of the method P(EC)™E, we
have that
O(h?) if p* > p
Tf(EC)mE: O(@p) ifp*=p—q,0<g<pandm>gq
O(hr=at™) ifp* =p—q, 0<g<pandm<qg—1.

This implies that from the point of view of overall accuracy there is no particular advantage
in using a predictor of order p* > p. Indeed, as long as p* +m > p, the predictor-corrector
method P(EC)™E will have order of accuracy p.

Similar statements can be made about P(EC)™ type predictor-corrector methods with
m > 1. On writing

pr(2)o(z) — o™ (2)p(2) = (p"(2) — ho™(2))o(2) — 7 (2)(p(2) — ho(2)) ,

we deduce that _ _ _ _
Tp(pcyn (€ h) = O(RPT! 4 AP 4 ppEm)

Consequently, as long as p* +m > p+ 1 the predictor-corrector method P(EC)™ will have
order of accuracy p.
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4 Stiff problems

Let us consider an initial value problem for a system of m ordinary differential equations
of the form:

y/ = f(xv}I) ’ y<a’) =Yo, (85)
where y = (y1,...,ym)’. A linear k-step method for the numerical solution of (85) has
the form

k k
j=0 =0

where £, ; = f(zn+j,Unt;). Let us suppose, for simplicity, that f(z,y) = Ay + b where
A is a constant matrix of size m x m and b is a constant (column) vector of size m; then
(86) becomes

k
Z a;l —hBjA)yn+j = ho(l)b, (87)

where (1) = Z?:o Bj (# 0) and I is the m x m identity matrix. Let us suppose that the
eigenvalues \;, 1 = 1,...,m, of the matrix A are distinct. Then, there exists a nonsingular
matrix H such that

M 0 ... 0
HAH A | 0 A0
0 0 ... Am

Let us define z = Hy and ¢ = ho(1)Hb. Thus, (87) can be rewritten as

k
Z ajl — hBjAN)znij =c, (88)
7=0

or, in component-wise form,

k
Z h‘/B] Zn—f—j i = Ci,

where z,4;; and ¢;, i = 1,...,m, are the components of z,; and c respectively. Each
of these m equations is completely decoupled from the other m — 1 equations. Thus we
are now in the framework of Section 3 where we considered linear multistep methods for a
single differential equation. However, there is a new feature here: given that the numbers
Ai, 1 = 1,...,m, are eigenvalues of the matrix A, they need not be real numbers. As a
consequence the parameter h = h\, where X is any of the m eigenvalues, can be a complex
number. This leads to the following modification of the definition of absolute stability.

Definition 10 A linear k-step method is said to be absolutely stable in an open set R 4
of the complex plane, if for all h € R all roots v, s = 1,...,k, of the stability polynomial
7(r, h) associated with the method, and defined by (78), satisfy |rs| < 1. The set Ry is
called the region of absolute stability of the method.

Clearly, the interval of absolute stability of a linear multistep method is a subset of its
region of absolute stability.
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Exercise 6
a) Find the region of absolute stability of Fuler’s explicit method when applied to the
ordinary differential equation y' = Ay, y(xo) = yo.

b) Suppose that Euler’s explicit method is applied to the second-order differential equa-
tion
Y+ A+ DY +ay=0, y0)=1, y(0)=r-2,

rewritten as a first-order system in the vector (u,v)T, withu = y andv = y'. Suppose
that A >> 1. What choice of the step size h will quarantee absolute stability in the
sense of Definition 107

SoLUTION: a) For Euler’s explicit method p(z) = z — 1 and o(z) = 1, so that 7(z;h) = p(z) —
ho(z) = (z—1) —h =z — (1 + h). This has the root r = (1 + h). Hence the region of absolute
stability is R4 = {h € C : |1 + h| < 1} which is an open unit circle centred at —1.

b) Now writing u = y and v = 3y and y = (u,v)?, the initial value problem for the given
second-order differential equation can be recast as

y =4y, y(0)=yo,

A<—0)\ —()\1+1)> and y°<Ai2>'

The eigenvalues of A are the roots of the characteristic polynomial of A,

where

det(A—zI) =22+ (A +1)z+ .

Hence, 1 = —1, ro = —\; we deduce that the method is absolutely stable provided that h < 2/A.
It is an easy matter to show that

u(z) = 2% —e v(z) = =27 4 e

The graphs of the functions u and v are shown in the figure below for A = 45. Note that v exhibits
a rapidly varying behaviour (fast time scale) near = 0 while w is slowly varying for > 0 and
v is slowly varying for x > 1/45. Despite the fact that over most of the interval [0, 1] both u and
v are slowly varying when A = 45, we are forced to use a step size of h < 2/45 in order to ensure
that the method is absolutely stable. ¢

In the example the v component of the solution exhibited two vastly different time
scales; in addition, the fast time scale (which occurs between x = 0 and x ~ 1/)\) has
negligible effect on the solution so its accurate resolution does not appear to be important
for obtaining an overall accurate solution. Nevertheless, in order to ensure the stability
of the numerical method under consideration, the mesh size h is forced to be exceedingly
small, h < 2/A, smaller than an accurate approximation of the solution for > 1/ would
necessitate. Systems of differential equations which exhibit this behaviour are generally
referred to as stiff systems. We refrain from formulating a rigorous definition of stiffness.

4.1 Stability of numerical methods for stiff systems

In order to motivate the various definitions of stability which occur in this section, we begin
with a simple example. Consider Euler’s implicit method for the initial value problem

v=Xy, y(0)=uwo,
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Figure 2: The functions u and v plotted against = for x € [0, 1].

where A is a complex number. The stability polynomial of the method is 7(z, h) = p(2) —
ho(z) where h = h\, p(z) = z — 1 and o(z) = z. Since the only root of the stability

polynomial is z = 1/(1 — h), we deduce that the method has the region of stability
R={h:|l-h]>1}.

In particular R includes the whole of the left-hand complex half plane. The next definition
is due to Dahlquist (1963).

Definition 11 A linear multistep method is said to be A-stable if its region of absolute
stability, R4 contains the whole of the left-hand complex half-plane R(h\) < 0.

As the next theorem by Dahlquist (1963) shows, Definition 11 is far too restrictive.

Theorem 16
(i) No explicit linear multistep method is A-stable.

(i) The order of an A-stable implicit linear multistep method cannot exceed 2.

(iii) The second-order A-stable linear multistep method with smallest error constant is
the trapezium rule.

Thus we adopt the following definition due to Widlund (1967).
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Definition 12 A linear multistep method is said to be A(«)-stable, o € (0,7/2), if its
region of absolute stability R contains the infinite wedge

Wy =1{h|m—a<arg(h) <7+a}.

A linear multistep method is said to be A(0)-stable if it is A(a)-stable for some o €
(0,7/2). A linear multistep method is Ay stable if R4 includes the negative real azis in
the complex plane.

Let us note in connection with this definition that if ®A < 0 for a given A then
h = h\ either lies inside the wedge W, or outside W, for all positive h. Consequently,
if all eigenvalues A of the matrix A happen to lie in some wedge Wjp then an A(/3)-stable
method can be used for the numerical solution of the initial value problem (85) without
any restrictions on the step size h. In particular, if all eigenvalues of A are real and
nonnegative, then an A(0) stable method can be used. The next theorem (stated here
without proof) can be regarded the analogue of Theorem 16 for the case of A(«) and A(0)
stability.

Theorem 17
(i) No explicit linear multistep method is A(0)-stable.

(ii) The only A(0)-stable linear k-step method whose order exceeds k is the trapezium
rule.

(iii) For each o € [0,7/2) there exist A(a)-stable linear k-step methods of order p for
whichk=p=3 and k =p = 4.

A different way of loosening the concept of A-stability was proposed by Gear (1969).
The motivation behind it is the fact that for a typical stiff problem the eigenvalues of the
matrix A which produce the fast transients all lie to the left of a line Rh = —a, a > 0, in
the complex plane, while those that are responsible for the slow transients are clustered
around zero.

Definition 13 A linear multistep method is said to be stiffly stable if there exist positive
real numbers a and ¢ such that R4 O R1 U Ro where

Ri={heC : Rh < —a} and Ro={heC: -a<Rh<O, —cgﬁﬁgc}.

It is clear that stiff stability implies A(«)-stability with o = arctan(c/a). More gener-
ally, we have the following chain of implications:

A-stability = stiff-stability = A(«)-stability = A(0)-stability = Ag-stability .

In the next two sections we shall consider linear multistep methods which are par-
ticularly well suited for the numerical solution of stiff systems of ordinary differential
equations.
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E|las| as oy a3 as a ag | Bk | p| Cpr1 | Gmin | Qmaz
1 1 -1 [ 1 1| =3 | 0 | 90°
2 1 —4 3 2 12 -2 0 90°
3 1 B2 -2 83 -2 | 01 | 88
4 1 A - R A A e
5 1 | 3% 30 200 75| 12 80 )5 10| 24 | 520
IEEE IR A I A A A I R

Table 3: Coefficients, order, error constant and stability parameters for backward differ-
entiation methods

4.2 Backward differentiation methods for stiff systems

Consider a linear multistep method with stability polynomial 7(z, h) = p(z) — ho(z). If
the method is A(«)-stable or stiffly stable, the roots r(h) of 7 (-, h) lie in the closed unit
disk when h is real and h — —oo. Hence,

0= _lim M = lim o(r(h)) =o(_lim 7(h));

h——oc0 h——o0 h——o00

in other words, the roots of (-, h) approach those of o(-). Thus it is natural to choose o (-)
in such a way that its roots lie within the unit disk. Indeed, a particularly simple choice
would be to take o(z) = B12"; the resulting class of, so-called, backward differentiation
methods has the general form:

n
> ¥nts = hBfik
=0

where the coefficients o; and (3, are given in Table 3 which also displays the value of a in
the definition of stiff stability and the angle o from the definition of A(«) stability, the
order p of the method and the corresponding error constant Cpyq for p = 1,...,6. For
p > 7 backward differentiation methods of order p of the kind considered here are not
zero-stable and are therefore irrelevant from the practical point of view.

57



4.3 Gear’s method

Since backward differentiation methods are implicit, they have to be used in conjunction
with a predictor. Instead of iterating the corrector to convergence via a fixed point itera-
tion, Newton’s method can be used to accelerate the iterative convergence of the corrector.
Rewriting the resulting predictor-corrector multi-step pair as a one step method gives rise
to Gear’s method which allows the local alteration of the order of the method as well
as of the mesh size. We elaborate on this below.

As we have seen in Section 4.1, in the numerical solution of stiff systems of ordinary
differential equations, the stability considerations highlighted in parts (i) of Theorems 16
and 17 necessitate the use of implicit methods. Indeed, if a predictor-corrector method is
used with a backward differentiation formula as corrector, a system of nonlinear equations
of the form

Yn+k — hﬂkf(xn+k7Yn+k) = 8n+k

will have to be solved at each step, where
k—1
8n+k = — Z O5¥Yntj
§=0

is a term that involves information which has already been computed at previous steps
and can be considered known. If this equation is solved by a fixed-point iteration, the
Contraction Mapping Theorem will require that

Lh|By < 1 (89)

in order to ensure convergence of the iteration; here L is the Lipschitz constant of the
function f(z,-). In fact, since the function f(z, ) is assumed to be continuously differen-

tiable,
of

o)

For a stiff system L is typically very large, thus the restriction on the steplength h expressed
by (89) is just as severe as the condition on h that one encounters when using an explicit
method with a bounded region of absolute stability. In order to overcome this difficulty,
Gear proposed to use Newton’s method:

L = max
(z,y)€ER

[s+1] [s] [s]

of )
Yotk = Yntr — I— hﬁk@(ﬂﬁnﬂm yn+k) 5

-1
[yn+k — hBif (:Jcmk,yﬂk) - gn+k} , (90)

for s = 0,1,..., with a suitable initial guess yr[? _]HC Even when applied to a stiff system,

convergence of the Newton iteration (90) can be attained without further restrictions on
the mesh size h provided that we can supply a sufficiently accurate initial guess ygrk (by
using an appropriately accurate predictor, for example).

On the other hand, the use of Newton’s method in this context has the disadvantage

that the Jacobi matrix 0f /Oy has to be reevaluated and the matrix I — hﬁk%(xmrk, yr[ﬂrk)
inverted at each step of the iteration and at each mesh point .
[s]

One aspect of Gear’s method is that the matrix I — hﬁkg—)f,(mn+k, Ypyi) involved in the
Newton iteration described above is only calculated occasionally (i.e. at the start of the
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iteration, for s = 0, and thereafter only if the Newton iteration exhibits slow convergence);
the inversion of this matrix is performed by an LU decomposition.

A further aspect of Gear’s method is a strategy for varying the order of the backward
differentiation formula and the step size according to the intermediate results in the com-
putation. This is achieved by rewriting the multistep predictor-corrector pair as a one-step
method (in the so-called Nordsieck form). For further details, we refer to Chapter I11.6 in
the book of Hairer, Norsett and Wanner.

5 Nonlinear Stability

All notions of stability which were considered so far in these notes rest on the assumption
that f(x,y) = Ay or f(z,y) = Ay + b. The purpose of this section is to develop an
appropriate theoretical framework which is directly applicable to the stability analysis of
numerical methods for nonlinear ODEs.

Consider the linear system of differential equations y’ = Ay, y(zg) = yo, where all
eigenvalues of the m x m matrix A have negative real part. Then ||y(z)| decreases as x
increases; also, neighbouring solution curves get closer as = increases: if u(x) and v(z) are
two solutions to y’ = Ay subject to u(xzg) = ug and v(zg) = vy, respectively, then

[u(zs) = v(za)|| < etz o™ RN u(zy) —v(z1)|,  wa > 21 >, (91)
where || - || denotes the Euclidean norm on R™. Clearly,
0< e(ng‘rl)maxi RAi(A) < 1
for xo > x1 > x¢ and therefore,
[u(zz) = v(z2)|| < |lu(z1) —v(z)[,  @2=a1>a0.

It is the property (91) that has a natural extension to nonlinear differential equations and
leads to the following definition.

Definition 14 Suppose that u and v are two solutions of the differential equation y' =
f(z,y) subject to respective initial conditions u(zo) = ug, v(xo) = vo. If

[a(zz) = v(z1)l| < [la(z1) = v(z1)]]

for all real numbers xo and x1 such that xo > x1 > xo, where || - || denotes the Fuclidean
norm on C™, then the solutions u and v are said to be contractive in the norm || -||.

To see what assumptions of f we must make to ensure that two solutions u and v
to the differential equations y’ = f(z,y), with respective initial conditions u(xy) = uy,
v(zg) = Vo, are contractive, let (-,-) denote the inner product of R™ and consider the
inner product of u’ — v/ = f(z,u) — f(x,v) with u — v. This yields,

5o llu@) —v(@)|* = (f(z, u(@)) - f(z,v(2)), u(z) - v(z)) .

Thus, if
(f(z,u(z)) — f(z,v(z)),u(z) - v(z)) <0 (92)
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for all x > x( then

1d 9

——||u(x) — v(z <0

Sl — (@) <
for all z > g, and therefore the solutions u and v corresponding to initial conditions ug
and vy, respectively, are contractive in the norm || - ||. The inequality (92) motivates the

following definition.

Definition 15 The system of differential equations y’ = f(x,y) is said to be dissipative
in the interval [zg, 00) if
<f($7u)_f($7v)7u_v> <0 (93)

for all x > xg and all u and v in R™.
Thus we have proved that if the system of differential equations is dissipative then any

solutions u and v corresponding to respective initial values ug and vg are contractive. A
slight generalisation of (92) results in the following definition.

Definition 16 The function f(z,-) is said to satisfy a one-sided Lipschitz condition
on the interval [xg, 00) if there exists a function v(x) such that

(f(x,u) — f(z,v),u—v) §1/(:1:)||u—v||2 (94)
for all z € [xp,00).

In particular, if f(z, -) satisfies a one-sided Lipschitz condition on [z, 00) and v(z) < 0 for
all x € [xg,00), then the differential equation y’ = f(x,y) is dissipative on this interval,
and therefore any pair of solutions u and v to this equations, corresponding to respective
initial values ug and vy are also contractive.

Now we shall consider numerical methods for the solution of an initial value problem
for a dissipative differential equation y’ = f(z,y) and develop conditions under which nu-
merical solutions are also contractive in a suitable norm. In order to keep the presentation
simple we shall suppose that f is independent of x and, instead of a linear k-step method,

k k
Qjyn+j = h Z ﬁjf(Yn-i-j) (95)
0 7=0

j= =

for the numerical solution of y’ = f(y), y(z0) = yo, we shall consider its one-leg twin

k k
> ajyngj = hf (Z ﬁjynﬂ) : (96)

=0 =0

For example, the one-leg twin of the trapezium rule method

1
Ynt1 = ¥n = h [f(yni1) + £(yn)]

is the implicit midpoint rule method
1
Ynt1 = ¥n = hf §(Yn+1 +¥n)) -
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Let us recall the notation from Section 3.1 to simplify writing: putting y,+1 = Eyn, we
can write the linear k-step method (95) as

p(E)yn = ho(E)f(yn) ,

where p(z) = Z?:o a;jz) and o(z) = Z?:o B;z3 are the first and second characteristic
polynomial of the method; the associated one-leg twin (96) is then

p(E)yn = hf(o(E)yn) -

There is a close relationship between the linear multistep method (95) and its one-leg
twin (96). Let z, = o(E)yy; then

p(E)zy = p(E)o(E)yn = 0(E)p(E)yn = ho(E)f(o(E)yn) = ho(E)f(z) .

In other words, if {y,}n>0 is a solution to (96) then {z,},>0, with z, = o(E)yy, is the
solution of the linear multistep method (95) whose one-leg twin (96) is. This connection
allows results for the one-leg twin to be translated into results for the linear multistep
method.

Now we shall state a definition of nonlinear stability due to Dahlquist (1975). Before
we do so, we introduce the concept of G-norm. Consider a vector

T T\T
Zy = (Zpip1r---+2y)

in R™ where z,.; € R™, j =0,1,...,k — 1. Given that G = (g;;) is a k x k symmetric
positive definite matrix, the G-norm || - || is defined by

i=1j=1

E k 1/2
1Zn||c = (Zzgiﬂznw—wzn%—j)) :

Definition 17 The k-step method (96) is said to be G-stable if there exists a symmetric
positive definite matriz G such that

1Zns11E = 1203 < 20p(E)2n, 0(E)zn)/0*(1) -

Let {u,} and {v,} be two solutions of the differential equation y’ = f(y) given by
(96) with different starting values, and suppose that (96) is G-stable. Define the vectors
U, and V,, in R™F by
T)T

T\T
n )"

T T
Un:(un—l—k—lv"':u ) Vn:(vn—l—k—la"wvn

Since we are assuming that the differential equation y’ = f(y) is dissipative, it follows
that

IUns1 = Vil = [Un = Vall& < 20p(E)(un — va), 0(E)(un — va)) /0*(1)

< 2(h(0(B)u,) — hE(o(E)vn), o(E) (w, — Vi) /(1)




Hence,
Uit = Vasdlls < U, = Vil forn>0.

Thus we deduce that a G-stable approximation of a dissipative ordinary differential equa-
tion y’ = f(y) is contractive in the G-norm; this is a discrete counterpart of the property
we established at the beginning of this section that analytical solutions to a dissipative
equation of this kind are contractive in the Euclidean norm. For further developments of
these ideas, we refer to the books of J.D. Lambert, and A.M. Stuart and A.R. Humphries.

6 Boundary value problems

In many applications a system of m simultaneous first-order ordinary differential equations
in m unknowns y; (), y2(x), ..., ym(z) has to be solved. If each of these variables satisfies
a given condition at the same value a of z then we have an initial value problem for a
system of first-order ordinary differential equations. If the y;, i = 1,...,m, satisfy given
conditions at different values a, b, ¢, ... of the independent variable x then we have a
multi-point boundary value problem. In particular, if conditions on the y;, ¢ = 1,...,m,
are imposed at two different values a and b then we have a two-point boundary value
problem.

Example 7 Here is an example of a multipoint (in this case, three-point) boundary value
problem:

y" =y +y —y=0, y0)=1, y(l)=e, y(2)=€.

The ezact solution is y(z) = €*.

Example 8 This is an example of a two-point boundary value problem.:

y'=2° =0,  y)=1, Y@ +2)P=0.
The ezxact solution is y(z) = 1/x.

In this section we shall consider three classes of methods for the numerical solution of
two-point boundary value problems: shooting methods, matrix methods and collocation
methods.

6.1 Shooting methods

Let us consider the two-point boundary value problem

y// = f(wayv y/) ) y(a) =A, y(b) =B, (97)

with a < band x € [a,b]. We shall suppose that (97) has a unique solution. The motivation
behind shooting methods is to convert the two-point boundary value problem into solving
a sequence of initial value problems whose solutions converge to that of the boundary
value problem, so that one can use existing software developed for the numerical solution
of initial value problems: observe that an attempt to solve the boundary value problem
(97) directly will lead to a coupled system of nonlinear equations whose solution may be
a hard problem.
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Let us make an initial guess s for y'(a) and denote by y(x; s) the solution of the initial
value problem

y// = f(x7y7yl) > y(a) =A, yl(a) =Ss. (98)

Introducing the notation u(zx;s) = y(x;s), v(z;s) = a%y(x;s), we can rewrite (98) as a
system of first-order ordinary differential equations:

%u(x; s) = v(x;s), u(a;s) = A,

(99)
8 . J— . . . —
8—xv(x,5) = flz,u(z;s),v(x;s)), v(a;s) =s.

The solution u(z;s) of the initial value problem (99) will coincide with with the solution
y(z) of the boundary value problem (97) provided that that we can find a value of s such
that

o(s) =u(b;s) —B=0. (100)

The essence of the shooting method for the numerical solution of the boundary value
problem (97) is to find a root to the equation (100). Any standard root-finding technique
can be used; here we shall consider two: bisection of the interval which is known to contain
the root and Newton’s method.

6.1.1 The method of bisection

Let us suppose that that two numbers s; and so are known such that
#(s1) <0 and #(s2) > 0.

We assume, for the sake of definiteness, that s; < ss. Given that the solution of the initial
value problem (99) depends continuously on the initial data, there must exist at least one
value of s in the interval (si,s2) such that ¢(s) = 0. Thus the interval [s1, s3] contains a
root of the equation (100).

The root of (100) can now be calculated approximately using the method of bisection.
We take the midpoint s3 of the interval [si, s2|, compute u(b, s3) and consider whether
¢(s3) = u(b; s3) — B is positive or negative. If ¢(s3) > 0 then it is the interval [sy, s3]
that contains a root of ¢, whereas if ¢(s3) < 0 then the interval in question is [s3, s2]. By
repeating this process, one can construct a sequence of numbers {s, }°2; converging the
s. In practice the process of bisection is terminated after a finite number of steps when
the length of the interval containing s has become sufficiently small.

6.1.2 The Newton—Raphson method

An alternative to the method of bisection is to compute a sequence {s,}°°; generated by
the Newton—-Raphson method:

Sn4+1 = Sn — ¢(5n)/¢/(5n) ) (101)

with the starting value sg chosen arbitrarily in a sufficiently small interval surrounding the
root. For example, a suitable sy may be found by performing a few steps of the method of
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bisection. If sg is a sufficiently good approximation to the required root of (100) the theory
of the Newton—Raphson method ensures that, in general, we have quadratic convergence
of the sequence {s,}22 to the root s.

From the point of view of implementing (101) the first question that we need to clarify
is how one can compute compute ¢'(s,). To do so, we introduce the new dependent
variables
£l 5) = ou(x; s) 7 ov(x; s)

0s 0s
and differentiate the initial value problem (99) with respect to s to obtain a second initial
value problem:

n(;s) =

(102)
ang;s} = plz;s)é(z;s) +qlwss)n(ass),  nlas) =1,
where
pzs) — af(:c,u(fcéz),v(fc;S))7
(103)

Of (x,u(z;s),v(x;s))
Ov )

If we assign the value s, to s, n > 0, then the initial value problem (99), (102) can be solved
by a predictor-corrector method or a Runge-Kutta method on the interval [a, b]. Thus we
obtain u(b; s, ) or, more precisely, an approximation to u(b; s,,) from which we can calculate
&(sn) = u(b; s,) — B; in addition, we obtain an approximation to £(b; s,,) = ¢/(s,,). Having
calculated ¢(s;,) and ¢'(s;,,), we obtain the next Newton-Raphson iterate s,,41 from (101).
The process is then repeated until the iterates s, settle to a fixed number of digits.

Two remarks are in order:

qz;8) =

1) According to (103), the initial value problems (99) and (102) are coupled and there-
fore they must be solved simultaneously over the interval [a,b], with s set to sp,
n=0,1,2,..;

2) The coupled initial value problem (99), (102) may be very sensitive to perturbations
of the initial guess sp; a bad initial guess of sy may result in a sequence of Newton—
Raphson iterates {s, }72, which does not converge to the root s.

The latter difficulty may be overcome by using the multiple shooting method
which we describe below. First, however, we show how the simple shooting method may
be extended to the nonlinear two-point boundary value problem

y' =f(z,y), a<z<b, g(y(a),y(b)) =0, (104)

where y, f and g are m-component vector functions of their respective arguments. In the
simple shooting method the boundary value problem (104) is transformed into the initial
value problem

u'(x;8) = f(z,u(z;s)) , a<z<b, u(a;s) =s, (105)
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whose solution is required to satisfy the condition
G(s) = g(s, u(b;s) = 0 (106)

for an unknown value of s. Thus the problem has been transformed into one of finding a
solution to the system of nonlinear equations G(s) = 0. In order to evaluate the function
G for a specific value of s a numerical method for the solution of the initial value problem
(105) has to be employed on the interval [a,b] to compute (an approximation to) u(b;s).
In fact, as we have already seen earlier, a root-finding procedure such as Newton’s method
will require the computation of the Jacobi matrix

_0G

= 55 -

This in turn requires the solution of a coupled initial value problem for m? linear ordinary
differential equations to obtain du/ds for a < z <b.

The shooting method is said to converge if the root-finding algorithm results in a
sequence {s,}5°, which converges to a root s of G; then s = y(a) where y(z) is the
desired solution of the boundary value problem (104). The convergence of this sequence
and therefore the success of the shooting method may be hampered by two effects:

J(s)

1) A well-conditioned boundary value problem of the form (104) may easily lead to an
ill-posed initial value problem (104);

2) A bounded solution to the initial value problem (104) may exist only for s in a small
neighbourhood of y(s) (which, of course, in unknown).

The idea behind the multiple shooting method is to divide the interval [a, b] into
smaller subintervals

a=x90<x1 <...<Tg_1<Tg=>=; (107)
the problem then is to find a vector ST = (sf,...,s% ;) such that the solutions u(z;sy)

of the initial value problems

u;c(l‘, Sk) = f(l',U.k(l’, Sk)) ) T < T S Tk+1
(108)
uk(mk;sk) = Sk, kZO,...,K—l,
satisfy the conditions
uk(karl;sk) — Sk+1 =0 s k:O,...,K—Q y g(so,uK_l(b; SK_1)) =0. (109)

The equations (109) can be written in the compact form G(S) = 0. A clear advantage
of the multiple shooting method over simple shooting is that the growth of the solutions
to the initial value problems (108) and the related linear initial value problems for the
Oug(x;sg)/0sk, k =0,..., K—1, can be approximated accurately by selecting a sufficiently
fine subdivision (107) of the interval [a, b].

Indeed, it is possible to prove that, under reasonable assumptions, the multiple shoot-
ing method leads to an exponential increase of the size of the domain of initial values
for which the first iteration of the root-finding procedure is defined. This is consistent
with the practical observation that multiple shooting is less sensitive to the choice of the
starting values than simple shooting.
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6.2 Matrix methods

In this section, rather than attempting to convert the boundary value problem to an
initial value problem, we approximate it directly by using a finite difference method. This
results in a system of equations for the unknown values of the numerical solution at the
mesh points. We begin by considering a linear boundary value problem. In this case
the calculation of the numerical solution amounts to solving a system of linear equations
with a sparse matrix. We then consider a nonlinear boundary value problem; upon the
application of Newton’s method, this again involves, in each Newton iteration, the solution
of a system of linear equations with a sparse matrix. Methods of this kind are usually
referred to in the ODE literature as matrix methods.

6.2.1 Linear boundary value problem

Let us consider the two-point boundary value problem

y' +p)y +qx)y = flx), z€(ab),
apy(a) +boy'(a) = co, (110)
ary(b) + b1y’ (b) = ¢ .

We discretise (110) using a finite difference method on the uniform mesh
{zi|xi=a+ih, i=0,...,N}

of step size h = (b —a)/N, N > 2. The essence of the method is to approximate the
derivatives in the differential equation and the boundary conditions by divided differences.

Assuming that y is sufficiently smooth, it is a simple matter to show using Taylor series
expansions that

S (z1) = y(wi+1)—2y]gi)+y($i1)+O(h2)’ (111)
Vi) = WV o) (12
J (o) = —3y(xo)+42yh(w1)—y(w2)+O(h2)7 (113)
J(an) = y(wN2)—4y(;JLv1)+3y(:vzv)+o(h2)‘ (114)

Now, using (111-114) we can construct a finite difference method for the numerical solution
of (110); we denote by y; the numerical approximation to y(z;) for i =0,..., N:

i1 — 2Yi + i1 i1 — Yi—1 )
Yi+ h3/2 Yi —|—p(xl-)y’+ 2hy + q(xi)yi — f(l'z) , i = 17 . N —1 ,
—3yo + 4y1 — 2
b —
aoyo + 0o o o ,
N—2 —4yn_1 + 3yn
a1y + b2 gh = c1.

After rearranging these, we obtain

<%_p<21;)>yil_<%_ (xi))yi+<%+]%>yi+l = f(z), 1<i<N-1,
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( _3_bo> L b
ag oh Yo thl 2hy2 = Co,
by 4b,

+< +3b1>
_— 9 — — _ a —_— _ = (1 .
2hyN 2 thN 1 1 YN-2 1

2h

This is a system of linear equations of the form

Aoyo + Coy1 + Boye = Fy,
Aiyi-1 + Ciyi + Biyir1 = F i=1,...,N—1,
Anyn—2 +Cnyn—1+ Byyy = Fn .

The matrix of the system is

Ay Co By O 0 o 0
Ay C1 By O 0 .. 0
0 Ay Cy By 0 . 0

0 0 0 0 Anx-1 Cn-1 Bn-1
0 0 0 0 Ay Cn By

Let us consider the following cases:
1) If By =0 and Ay = 0 then M is a tridiagonal matrix.

2) If By # 0 and By = 0 (and/or Ay # 0 and Ay_; = 0) then we can interchange
the first two rows of the matrix (and/or the last two rows) and, again, we obtain a
tridiagonal matrix.

3) If By # 0 and B; # 0 (and/or Ay # 0 and Ay_1 # 0) then we can eliminate By
from the first row (and/or Ay from the last row) to obtain a tridiagonal matrix.

In any case the matrix M can be transformed into a tridiagonal matrix. Thus, from now
on, without any restrictions on generality, we shall suppose that M is tridiagonal. To
summarise the situation, we wish to solve the system of linear equations

My =F
where M is a tridiaginal matrix,

y:(y07y17"'7yN)T7 F:(F()?Fl?"'?FN)T'

The algorithm we present below for the solution of this linear system is usually referred
to as the Thomas algorithm. It is a special case of Gaussian elimination or LU
decomposition; in fact, it is this latter interpretation that we adopt here.

We wish to express M as a product LU of a lower-triangular matrix

1 0 0 O 0 ... 01
h 1 0 0 o ... 0
0 I 1 0 o ... 0

67



and an upper-triangular matrix

_uo Vo 0 0 0 0
0 Ul U1 0 0 0
0 0 ug (%) 0 0

0 0 0 0 0 wun—1 vN-—1
0 0 0 0 O 0 uN

On multiplying L and U and equating the resulting matrix with M, we find that

livi—1 = A;
ug=Cy, v9= By, livic1 +u; =C; 1=1,...,N .
’Ui:BZ'

Hence

vi=Bi, i=0,....N, u=0Cy, :Q_M£HVW4}¢:LHWN.
li = AiJui—q
Given that the entries of the matrix M are known, the components of L and U can be
computed from these formulae, and the set of linear equations My = F can be written in
the following equivalent form:
Lz=F
Uy =z

Thus, instead of solving My = F directly, we solve two linear systems in succession, each
with a triangular matrix: Lz = F is solved for z, followed by solving Uy = z for y.
Writing this out in detail yields

leFl,
zi=F—licizi1, i=1,...,N,
and
YN = ZN/uN ,
yi = (2i — viYit1)/Ui t=N-—-1,...,0.

Expressing in these formulae the values of u; and v; in terms of A;, B;, C;, we find that

yi = oip1yit1 + Biv1, i=N-1,...,0,
ynv = Bni1,
where
B; By
= —1,2,...,N—1 =0
Q41 Cl + CYZ'AZ' ) 4 ) &y ) ’ aq CO )
E — BZAZ . F(]
= =1,2,....N =0
ﬁl-i—l CZ + OZ@AZ ) 1 ) &y ) ) 61 CO

The last set of formulae are usually referred to as the Thomas algorithm.
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6.2.2 Nonlinear boundary value problem

Now consider a nonlinear second-order differential equation subject to linear boundary
conditions:

y' = flz,yy), ze(abh),
aoy(a) + boy'(a) = ¢,
a1y(b) + b1y (b) = «¢1.

On approximating the derivatives with divided differences, we obtain the following set of
difference equations:

L . i1 — Yi_
Yi+1 hy22+yz 1 _ f(xl,yz,%) , Z:l, ,7N—1,
—3yo +4y1 — y2
apyo + bo 2hy LA o ,
_o—4yn_1+ 3yn
alyN+b1yN 2 ZJZ LTOUN 1 -

After rearranging these, we obtain

1 2 1 1 — Yi )
ﬁyi—l—ﬁyﬂrﬁyiﬂ = f(ﬂci,yu%) 1<i<N-1,
(Y P W P
0 9% Yo 9% Al 2hy2 = 0
by 4hy N N 3b1 B
2hyN—Q oh YN—-1 ay oh Yn = (1.

This is a system of system of nonlinear equations of the form

Aoyo + Coy1 + Boy2 = Fop,
Aiyi1 +Ciyi + Biyiy1 = B 1=1,...,N—1, (115)
Anyn—2+ Cnyn—1+ Bynyn = Fn,
where
A() = ap — (3bo)/(2h) s Co = 4bg/(2h) s Bo = —bg/(2h) y
A = 1/h?, Ci = —2/h?, B; = 1/p*, i=1,....N—1,
Ay = bi/(2h), Cny = —4b1/(2h), By = a1+ (3b1)/(2h),
and
Fy=co, F; = f(xi,vis Wit1 — yi-1)/(2h)), i=1,...,N—1, Fy=c.

Thus, (115) can be written in the compact form

My =F(y)

where M is a tridiagonal matrix, y = (yo,...,yn)’ and F(y) = (Fp,...,Fny)T. The
nonlinear system of equations

G(y) =My -F(y)=0
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can now be solved by Newton’s method, for example, assuming that a solution exists.
Given a starting value y(® for the Newton iteration, subsequent iterates are computed
successively from

Iy (y™tD) — ym)y = _G(y™) n=0,1,2,..., (116)
where
oG 0G;
Tw) = 52 (w) = (8 ,<w>>
y Yi 0<i,j<N

is the Jacobi matrix of G. As Gj is independent of y; with |i — j| > 1, the matrix J(y™)
is tridiagonal. Consequently, each step of the Newton iteration (116) involves the solution
of a system of linear equations with a tridiagonal matrix; this may be accomplished by
using the Thomas algorithm described above.

6.3 Collocation method

Consider the boundary value problem

Ly=y"+p)y +alx)y = flz), a€(ad),
apy(a) +boy'(a) = co, (117)
aly( )+b1y’(b) = cC1,
where ag, a1, by, by are real numbers such that
(a0b1 — albo) + apay (b — a) #0. (118)

It can be assumed, without loss of generality, that co = 0 and ¢; = 0; for if this is not the
case then we consider the function § defined by

with d(z) = ax + § where a and § are real numbers chosen so that d(z) satisfies the
(nonhomogeneous) boundary conditions at * = a and = = b stated in (117). It is a
straightforward matter to see that provided (118) holds there are unique such « and fS.
The function § then obeys the differential equation £ = f, where f(z) = f(z) — Ld(),
and satisfies the boundary conditions in (117) with ¢g = ¢; = 0.

Suppose that {1}, is a set of linearly independent functions defined on the interval
[a, b] satisfying the homogeneous counterparts of the boundary conditions in (117) (i.e.
co = c¢; = 0). We shall suppose that each function ; is twice continuously differentiable
on [a,b)].

The essence of the collocation method is to seek an approximate solution yy(z) to
(110) in the form

N
=Y &vhi(w), (119)
=1
and demand that
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at (N+1) distinct points z;, j = 1,..., N, referred to as the collocation points. We note
that since each of the functions v;(z) satisfies the (homogeneous) boundary conditions at
x = a and z = b the same is true of yy(x).

Now, (119-120) yield the system of linear equations

N
Y &ilti(zy) = fz;),  j=1...,N, (121)

=1

for the coefficients &;, ¢ = 1,..., N. The specific properties of the collocation method
depend on the choice of the basis functions v; and the collocation points x;. In general
the matrix M = (Lvi(x;))1<ij<n is full. However, if each of the basis functions 1; has
compact support contained in (a,b) (for example, they are B-splines) then M is a band-
matrix, given that both ;(z;) = 0 and Ly;(x;) = 0 for |i — j| > M for some integer M,
1< M < N. If M is a fixed integer, independent of N, then the resulting system of linear
equations can be solved in O(N) arithmetic operations.

In spectral collocation methods, the functions ;(z) are chosen as trigonometric poly-
nomials. Consider, for example, the simple boundary value problem

=y () +q(@)y(x) = f(x), z€(0,m), y0)=y(r)=0,

where ¢(z) > 0 for all z in [0, 7]. The functions ¢;(x) = siniz, i = 1,..., N, satisfy the
boundary conditions and are linearly independent on [0, 77]. Thus we seek an approximate
solution yx(z) in the form

N
= Z & sinix .
i=1

Substitution of this expansion into the differential equation results in the system of linear
equations

Z&( tqa)))siniz; = flz),  i=1o.... N,

for &1,...,&n. The collocation points are usually chosen as
Jm :
33] N i 1 ) J ) )

This choice is particularly convenient when ¢ is a (nonnegative) constant, for then the
linear system

N ..
3¢ (i2+q)sin]\;‘7:1 = f(z;), i=1,...,N,
1=1

can be solved for &1, ..., &, in O(N) arithmetic operations using a Fast Fourier Transform,
despite the fact that the matrix of the system is full.
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Further Exercises

. Verify that the following functions satisfy a Lipschitz condition on the respective
intervals and find the associated Lipschitz constants:

a) flz,y) =2y,  we[l,o00);
b) f(z,y) = e~ tan—! Y, z € [l,00);
c) f(z,y) =2y(1+y*)'Q+e™), z€(-00,00).

. Suppose that m is a fixed positive integer. Show that the initial value problem
y =y /G y(0) =0,

has infinitely many continuously differentiable solutions. Why does this not contra-
dict Picard’s theorem?

. Show that the explicit Euler method fails to approximate the solution y(z) =
(42/5)%/* of the initial value problem ¢/ = y'/3, y(0) = 0. Justify your answer.
Consider the same problem with the implicit Euler method.

. Write down the explicit Euler method for the numerical solution of the initial value
problem 3’ 4+ 5y = ze™>* | y(0) = 0 , on the interval [0, 1] with step size h = 1/N,
N > 1. Denoting by yn the Euler approximation to y(1) at x = 1, show that
limy 00 yv = y(1). Find an integer Ny such that

ly(1) —yn| <1077, for all N > Np .

. Consider the initial value problem
y' = loglog(4 +v%) , x€10,1], y(0)=1,
and the sequence {yn}nNzo, N > 1, generated by the explicit Euler method
Yni1 = yn + hloglog(d+42), n=0,...,.N—1, yo=1,

using the mesh points x,, = nh, n = 0,..., N, with spacing h = 1/N. Here log
denotes the logarithm with base e.

a) Let T,, denote the truncation error of Euler’s method at x = x,, for this initial
value problem. Show that |T,| < h/4.

b) Verify that
W(@ns1) — va] < (L AL)y(en) —gnl + BITal,  m=0,.. N1,

where L = 1/(2log4).

c) Find a positive integer Ny, as small as possible, such that

_ <1074
pnax [y(2n) — yn| < 10

whenever N > Nj.
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6. Define the truncation error 7;, of the trapezium rule method

1
Yntl = Yn + §h (frnr1 + fn)

for the numerical solution of the initial value problem y' = f(z,y), y(0) given, where
fn=f(@n,yn) and h = 211 — Tp.

By integrating by parts the integral

Tntl "
[ @ wne) @~ m)y " (@)da
Tn
or otherwise, show that
1
T, = — 5 h%" ()

for some &, in the interval (z,,x,+1), where y is the solution of the initial value
problem.

Suppose that f satisfies the Lipschitz condition
|f($7u) - f(iU,U)| < L”LL - U‘

for all real x, u, v, where L is a positive constant independent of z, and that |y (z)| <
M for some positive constant M independent of x. Show that the global error
en = y(xn) — yn satisfies the inequality

1 1
lent1] < len| + §hL (lent1] + len]) + Eh2M :

For a uniform step h satisfying hL < 2 deduce that, if yog = y(z¢), then
<1 - %hL) " 1]

1 - .

1—35hL
7. Consider the following one-step method for the numerical solution of the initial value
problem y' = f(x,y), y(x0) = yo:

1
Yn+l = Yn + §h(k1 + kZ) s

where
k1 :f(xmyn)’ k2=f($n+h,yn+hk1) .

Show that the method is consistent and has truncation error
1 4 1 2 3
Tnzéh fy(fm+fyf)_§(f:m+2fxyf+fyyf ) +O(h ) .

8. Show that for R = 1,2 there is no R-stage Runge-Kutta method of order R + 1.
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10.

11.

12.

13.

Consider the one-step method
Yntl = Yn + h(akl + ka) 5

where

kl - f(ﬂfmyn) )
ke = f(zn+ah,y, + Bhki) ,

and where a, b, «, (3 are real parameters. Show that there is a choice of these
parameters such that the order of the method is 2. Is there a choice of the parameters
for which the order exceeds 27

Consider the one-step method

Ynt1 = Yn + QR f (T, Yn) + Bhf (20 + Y, yn + YAf (X0, Yn))
where «, § and v are real parameters. Show that the method is consistent if and
only if « + 8 = 1. Show also that the order of the method cannot exceed 2.

Suppose that a second-order method of the above form is applied to the initial value
problem y' = —Ay, y(0) = 1, where X is a positive real number. Show that the
sequence (Y )n>0 is bounded if and only if h < % Show further that, for such A,

1
|y(~rn) - yn’ < 6)\3h21‘n , n>0.

Derive the mid-point rule method and the Simpson rule method by integrating the
differential equation y' = f(x,y(z)) over suitable intervals of the real line and ap-
plying appropriate numerical integration rules.

Write down the general form of a linear multistep method for the numerical solution
of the initial value problem 3’ = f(z,y), y(zo) = yo. What does it mean to say that
such a method is zero-stable? Explain the significance of zero-stability. What is the
truncation error of such a linear multistep method?

Determine for what values of the real parameter b the linear multistep method defined
by the formula

Yn+3 + (20 = 3)(Unt2 — Ynt1) — Yn = hO(fri2 + foy1)

is zero-stable. Show that there exists a value of b for which the order of the method
is 4. Show further that if this method is zero-stable then its order cannot exceed 2.

Consider the initial value problem 3’ = f(z,y), y(0) = yo. Consider attempting to
solve this problem by the linear multistep method

ayn—2 + byn—1 + Yn+1 = hf(zn, yn)

on the regular mesh x,, = nh where a and b are constants.

a) For a certain (unique) choice of a and b, this method is consistent. Find these
values of @ and b and verify that the order of accuracy is 1.
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14.

15.

16.

17.

18.

b) Although the method is consistent for the choice of a and b from part a), the
numerical solution it generates will not, in general, converge to the solution of
the initial value problem as h — 0, because the method is not zero-stable. Show
that the method is not zero-stable for these a and b, and describe quantitatively
what the unstable solutions will look like for small h.

Consider the linear two-step method

h
Yn+2 — Yn = g(fn+2 +4fne1 + fn) .

Show that the method is zero-stable; show further that it is third-order accurate,
namely, T;, = O(h?).

Show that the linear three-step method

NYny3 +2Tynt2 — 27yns1 — 1lyn = 3h[frny3 + O fnro + 9 fny1 + ful

is sixth order accurate. Find the roots of the first characteristic polynomial and
deduce that the method is not zero-stable.

Write down the general form of a linear multi-step method for the numerical solution
of the initial value problem

Y =flz,y),  yl@o)=wo,

on the closed real interval [z, zx], where f is a continuous function of its arguments
and gy is a given real number. Define the truncation error of the method. What
does it mean to say that the method has order of accuracy p?

Given that « is a positive real number, consider the linear two-step method

Ynt2 — Wn = 5 [[(Tny2, Ynt2) + 4f (@nr1, Yns1) + f(@n,yn)]

3l
on the mesh {z, : z, = z9 + nh,n = 1,...,N} of spacing h, h > 0. Determine
the set of all o such that the method is zero-stable. Find « such that the order of
accuracy is as high as possible; is the method convergent for this value of a?

Compute a numerical solution to the initial value problem 3’ +y = 0, y(0) = 1, on
the interval [0,1] with h = 27% for k = 1,2, ..., 10, using the linear two-step method
1
Yn — Yn-1 = §h(fn—1 — fn—2),

where the missing starting value y; is computed by the explicit Euler method. Tab-
ulate the global error at x = 1 for £k = 1,2,...,10, and comment on its rate of
decay.

Solve numerically the initial value problem

y=z—y*, y0)=0, z€]0,1],

with step size h = 0.01 by a fourth-order Milne-Simpson method. Use the classical
fourth-order Runge-Kutta method to compute the necessary starting values.
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19.

20.

21.

22.

23.

24.

Find which of the following linear multistep methods for the solution of the initial
value problem 3’ = f(x,y), y(0) given, are zero-stable. For any which are zero-stable,
find limits on the value of h = x,,41 — x,, for which they are absolutely stable when
applied to the equation 3y’ = Ay, A < 0.

a) Ynt1 — Yn = hfn

b) yn+1+yn_29n 1= h(fos1 + fo + fr-1)
) Ynt1 = Yn—1 = 3 h(frs1 +4fn + fa-1)

d) Yn+1 = Yn = 5h(3fn — fur)

€) Ynt1 — Yn = L2h(5fn+1 +8fn — fn-1)

Determine the order of the linear multistep method

1
Ynv2 — (L4 a)ynt1 + yn = Zh (3 = a)fut2 + (1 = 3a) fn]
and investigate its zero-stability and absolute stability.

If o(2) = 22 is the second characteristic polynomial of a linear multistep method, find
a quadratic polynomial p(z) such that the order of the associated linear multistep
method is 2. Is this method convergent? What is its interval of absolute stability?

Find the interval of absolute stability for the two-step Adams—Bashforth method

1
Yn42 = Yn+1 = §h [3fns1 — fal
using Schur’s criterion and the Routh—Hurwitz criterion.

Given that « is a positive real number, consider the linear two-step method

h
Yn+2 — QYn = § [fn+2 +4fni1+ fn]

on the mesh {z,, : x, = xog + nh, n =0,..., N} of spacing h, h > 0. For values of
« such that the method is zero-stable investigate its absolute stability using Schur’s
criterion.

A predictor P and a corrector C' are defined by their characteristic polynomials:

P: p(z)=2*-1, o*(z) =

z %(22 —22422),
C: plz)=22-1, o(z) = 5(

124z +1).

a) Write down algorithms which use P and C in the P(EC)™E and P(EC)™
modes.

b) Find the stability polynomials 7 p(pcym g(2; h) and TpEcym (25 h) of these meth-
ods. Assuming that m = 1, use Schur’s criterion to calculate the associated
intervals of absolute stability.

c) Express the truncation errors Tp, PEC™E and T (EE)™ of these methods in the

form O(h"™) where r = r(p*, p, m), with p* and p denoting the orders of accuracy
of P and C, respectively.
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25.

26.

27.

28.

29.
30.

31.

Which of the following would you consider a stiff initial value problem?

a) y = —(10% 719" L 1)(y — 1), y(0) = 0 on the interval = € [0, 1]. Note that the
solution can be found in closed form:

y(x) — e1()(6_1043”71)67:1: +1.

vy, = —0.5y1 +0.501ys , y1(0) = 1.1,
yp = 0.501y; — 0.5y , y2(0) = —0.9,

on the interval x € [0, 103].
¢) y' = A(2)y, y(0) = (1,1, )T, where

—1+ 100 cos 200x 100(1 — sin 200z) 0
Az) = —100(1 + sin 200z) —(1+4 100 cos 200z) 0
1200(cos 1002 4 sin 100z)  1200(cos 1002 — sin 100z) —501

Consider the -method
Yn+l =Yn + N [(1 - H)fn + 9fn+1]
for 6 € [0, 1].

a) Show that the method is A-stable for § > 1/2.
b) Show that the method is A(«)-stable when it is A-stable.

Show that the second-order backward differentiation method is A-stable. Show that
the third-order backward differentiation method is not A-stable, but that it is stiffly
stable in the sense of Definition 13.

Find Xj; > 0 as large as possible such that the system of differential equations

y/1 = —y1+ Y
vy = x(y1—y2)

is dissipative in the interval [0, X5s]. Deduce that any two solutions with respective
initial conditions are then contractive on [0, Xj/] in the Euclidean norm.

Show that the trapezium rule method is G-stable with G = 1.

Show that the second-order backward differentiation method and its one-leg twin
are G-stable with
o [ 5/2 —1 ]

-1 1/2
Develop a shooting method for the numerical solution of the boundary value problem

—y"+ye =1,  y(0)=y(1)=0,

on the interval [0, 1] using:
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32.

33.

34.

a) The method of bisection;
b) The Newton-Raphson method.

Explain how your algorithm can be extended to the case of multiple shooting.

Construct a three-point finite difference scheme for the numerical solution of the
boundary value problem

—y"+a2*y=0, y0)=1, y(1)=0,

on the interval [0,1]. Show that the resulting system of equations can be written
so that its matrix is tridiagonal. Apply the Thomas algorithm to the linear system
when the spacing between the mesh points is h = 1/10.

Suppose that real numbers a;, b; and ¢; satisfy
a; >0, b, >0, c > a; + b, 1=1,2,...,N—1,

and let )
e = —— | i=1,2,...,N—1,
Ci — Q€1

with eg = 0. Show by induction that 0 <e; < 1fori=1,2,..., N —1, and that the
conditions
c; >0, ci>\ai|+\bi], 1=1,2,...,N—1,

are sufficient for ep = 0 to imply that |e;| < 1 fori=1,2,...,N — 1.
How is this method used to solve the system of equations
_aiyifl_‘_ciyi_biyi%*l:fia Z.:1727"'7N_17

with
Yo =10, yn =07

Assume that the boundary value problem
y'+ flz,y) =0, 0<z<l, y(0)=y1)=0,

has a unique solution with a continuous fourth derivative on the interval [0, 1]. Sup-
pose further that a unique approximate solution can be computed satisfying the
finite difference scheme

h’7262yn+f(l‘n’yn):05 1§’I’L§N—1, yOZyNZOa

where 62y, = Ynt1—2Yn+Yn_1, Tn = nh (0 <n < N), and Nh = 1 for some integer
N > 2.

a) Show that the truncation error of the finite difference scheme is given by
T, = %y &)
12 "

for some &, € (Tp—1,Tnt1).
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Show further that the global error e,, = y(z,) — y, satisfies
h=28%, +pnen=T,, 1<n<N-1, eg=en =0,

where p, = fy(zn,n,) for some 7, between y(x,) and y,, and it is assumed
that f,(x,y) is a continuous function of z and y for z € [0,1] and y € R.

b) Suppose now that fy(x,y) < 0 for all x € [0,1] and y € R. Let |T,,| < M,
1 <n < N—1. Show that w, = $h2Mn(N — n) satisfies h~26%w,, = —M, that

h_252wn+pnwn§_Ma 1<n<N-1,
and that, if v, = w, + e, or v, = w, — e,, then v, satisfies
h_25zvn—|—pnvn§0, 1<n<N-1, vg=vny =0.

c) Assume that v, has a negative minimum for some value of n between 1 and
N — 1 and show that this leads to a contradiction. Deduce that

v 20, l1<n<N-1,

that
|en|§wn7 1§n§N_17

and that

Loy (4)
len] < gght” mmax Iy (2)] -

35. Consider the boundary value problem
' +y +y=2",  y0)=0, y1)=0.

Develop a collocation method for the numerical solution of this problem on the
interval [0, 1] using the collocation points
J

= j=1,...,N .
Lj N—f-]_’ J 3 )

and the basis functions v;(z) = sin(irz), i = 1,..., N. Solve the resulting system of
linear equations for increasing values of N and compare the numerical solution with
the exact solution to the problem.
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