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Preface

In this book we discuss several numerical methods for solving ordinary differential equations.
We emphasize the aspects that play an important role in practical problems. We confine ourselves
to ordinary differential equations with the exception of the last chapter in which we discuss the
heat equation, a parabolic partial differential equation. The techniques discussed in the intro-
ductory chapters, for instance interpolation, numerical quadrature and the solution to nonlinear
equations, may also be used outside the context of differential equations. They have been in-
cluded to make the book self-contained as far as the numerical aspects are concerned. Chapters,
sections and exercises marked with a * are not part of the Delft Institutional Package.

The numerical examples in this book were implemented in Matlab, but also Python or any other
programming language could be used. A list of references to background knowledge and related
literature can be found at the end of this book. Extra information about this course can be found
athttp://NMODE. ewi.tudelft.nl, among which old exams, answers to the exercises, and a link
to an online education platform. We thank Matthias Moller for his thorough reading of the draft
of this book and his helpful suggestions.

Delft, June 2016
C. Vuik

The figure at the cover shows the Erasmus bridge in Rotterdam. Shortly after the bridge became
operational, severe instabilities occurred due to wind and rain effects. In this book we study,
among other things, numerical instabilities and we will mention bridges in the corresponding
examples. Furthermore, numerical analysis can be seen as a bridge between differential equa-
tions and simulations on a computer.
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Chapter 1

Introduction

1.1 Some historical remarks

Modern applied mathematics started in the 17th and 18th century with scholars like Stevin,
Descartes, Newton and Euler. Numerical aspects found a natural place in the analysis but the
expression “numerical mathematics” did not exist at that time. However, numerical methods
invented by Newton, Euler and at a later stage by Gauss still play an important role even today.

In the 17th and the 18th century fundamental laws were formulated for various subdomains of
physics, like mechanics and hydrodynamics. These laws took the form of simple looking math-
ematical equations. To the disappointment of many scientists, these equations could be solved
analytically in a few special cases only. For that reason technological development has only been
loosely connected with mathematics. The introduction and availability of digital computers has
changed this. Using a computer it is possible to gain quantitative information with detailed and
realistic mathematical models and numerical methods for a multitude of phenomena and pro-
cesses in physics and technology. Application of computers and numerical methods has become
ubiquitous. Statistical analysis shows that non-trivial mathematical models and methods are
used in 70% of the papers appearing in the professional journals of engineering sciences.

Computations are often cheaper than experiments; experiments can be expensive, dangerous or
downright impossible. Real life experiments can often be performed on a small scale only, which
makes their results less reliable.

1.2 What is numerical mathematics?

Numerical mathematics is a collection of methods to approximate solutions to mathematical
equations numerically by means of finite computational processes.

In large parts of mathematics the most important concepts are mappings and sets. In numerical
mathematics the concept of computability should be added. Computability means that the result
can be obtained in a finite number of operations (so the computation time will be finite) on a
finite subset of the rational numbers (because a computer has only finite memory).

In general the result will be an approximation of the solution to the mathematical problem, since
most mathematical equations contain operators based on infinite processes, like integrals and
derivatives. Moreover, solutions are functions whose domain and image may (and usually do)
contain irrational numbers.

Because, in general, numerical methods can only obtain approximate solutions, it makes sense
to apply them only to problems that are insensitive to small perturbations, in other words to
problems that are stable. The concept of stability belongs to both numerical and classical math-
ematics. An important instrument in studying stability is functional analysis. This discipline
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also plays an important role in error analysis (investigating the difference between the numerical
approximation and the solution).

Calculating with only a finite subset of the rational numbers has many consequences. For exam-
ple: a computer cannot distinguish between two polynomials of sufficiently high degree. Conse-
quently, methods based on the main theorem of algebra (i.e. that an nth degree polynomial has
exactly n complex zeros) cannot be trusted. Errors that follow from the use of finitely many digits
are called rounding errors (Section 1.4).

An important aspect of numerical mathematics is the emphasis on efficiency. Contrary to or-
dinary mathematics, numerical mathematics considers an increase in efficiency, i.e. a decrease
of the number of operations and/or amount of storage required, as an essential improvement.
Progress in this aspect is of great practical importance and the end of this development has not
been reached yet. Here, the creative mind will meet many challenges. On top of that, revolutions
in computer architecture will overturn much conventional wisdom.

1.3 Why numerical mathematics?

A big advantage of numerical mathematics is that it can provide answers to problems that do not
admit closed-form solutions. Consider for example the integral

7T

/ V1 4+ cos? xdx.
0

This is an expression for the arc length of one arc of the curve y(x) = sin x, which does not have
a solution in closed form. A numerical method, however, can approximate this integral in a very
simple way (Chapter 5). An additional advantage is that a numerical method only uses stan-
dard function evaluations and the operations addition, subtraction, multiplication and division.
Because these are exactly the operations a computer can perform, numerical mathematics and
computers form a perfect combination.

An advantage of analytical methods is that the solution is given by a mathematical formula.
From this, insight in the behavior and the properties of the solution can be gained. For numerical
approximations, however, this is not the case. In that case, visualization tools may be used to gain
insight in the behavior of the solution. Using a numerical method to draw a graph of a function
is usually a more useful tool than evaluating the solution at a large number of points.

1.4 Rounding errors

A computer uses a finite representation of the all numbers in R. These are stored in a computer
in the form
+0.d1dy ... dy - B, (1.1)

in which, by definition, d; > 0 and 0 < d; < B. The normalization is needed in order to prevent a
waste of digits and to make the representation unambiguous. We call the value in equation (1.1)
a floating point number (representation) in which 0.d1d5 . . . d, is called the mantissa, B the base and
e (integer) the exponent, where L < e < U. Characteristic values for |L| and U are in the range
[100,1000], often, B = 2 (binary representation) and n = 24 (single precision) or n = 53 (double
precision). Most computers and software packages (Matlab) satisfy the IEEE-754 standard, and
hence provide single-! and double-precision? computations.

Letforx € R
O.dl...dn'ﬁe§X<O.d1d2...(dn+1)',3g,

Thttp://en.wikipedia.org/wiki/Single-precision_floating-point_format
’http://en.wikipedia.org/wiki/Double-precision_floating-point_format
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where for simplicity x is taken positive, and we assume that 4, < g — 1. Rounding x means that
x will be replaced with the floating point number closest to x, which is called fI(x). The error
caused by this process is called rounding error, and fI(x) is written as

fl(x) =x(1+¢). (1.2)

The value |x — fl(x)| = |ex| is called the absolute error and |x — fI(x)|/|x| = |e| the relative
error. The difference between the floating point numbers enclosing x is f°~". Rounding yields
|x — fI(x)| < B°~"/2, hence the absolute error is bounded by

1
< Z C—?’l‘
x| < 38
Because |x| > B¢~ (since d; > 0), the relative error is bounded by

e[ < eps (1.3)

with the computer’s relative precision eps defined as

eps = %/31*”. (1.4)

From B = 2 and n = 53 it follows that eps ~ 10716, thus in double precision approximately 16
decimal digits are used.

Figure 1.1 shows the distribution of the floating point numbers 0.1d>ds - 8¢ ; e = —1,0,1,2 in
base 2 (binary numbers). These floating point numbers are not uniformly distributed and there is
a gap around 0. A computational result lying within this neighborhood is called underflow. Most
machines provide a warning, replace the result with 0 and continue. A computational result with
absolute value larger than the largest floating point number that can be represented is called
overflow. The machine warns and may continue with Inf’s (infinity).

A final remark is that rounding errors are deterministic. If one repeats the algorithm, the same
results are obtained.

|
|
2 3 4

‘ IR T AN
T L 1A
-4 -3 -2 -1 0 1

Figure 1.1: Distribution of £0.1d,d3 - ¢, f =2,e = —1,0,1,2.

Next, let us investigate how computers execute arithmetic operations in floating point arithmetic.
Processors are very complex and usually the following model is used to simulate reality. Let o
denote an arithmetic operation (+, —, X or /) and let x and y be floating point numbers (hence,
x = fl(x), y = fl(y)). Then the machine result of the operation x o y will be

z = fl(xoy). (1.5)

The exact result of x oy will not be a floating point number in general, hence an error results.
From formula (1.2) it follows that

z={xoy}(1+e), (1.6)

for some ¢ satisfying (1.3) and z # 0. Expression (1.6) describes the error due to converting the
result of an exact calculation to floating point form.
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Next, we suppose that x and y are no floating point numbers: the corresponding floating point
numbers fI(x) and fI(y) satisfy fl(x) = x(1+e¢1), fl(y) = y(1+¢€). Again, x oy should
be calculated. Using the floating point numbers in this calculation, the absolute error in the
calculated result fI(fI(x) o fl(y)) satisfies:

[xoy = fI(fl(x) o fly))| < [xoy — fl(x) o fl(y)| + | f1(x) o fI(y) = fI(f(x) o fL(y))|-  (1.7)

From this expression it follows that the error consists of two terms. The first term is caused by
an error in the data and the second one by converting the result of an exact calculation to floating
point form (as in equation (1.6)).

A few examples are provided to show how rounding errors may affect the result of a calcula-
tion. Furthermore, general computational rules will be presented regarding the propagation of
rounding errors.

Example 1.4.1 (Absolute and relative errors)

In this example, x = 5/7 and y = 1/3 are taken, and the calculations are computed on a system
that uses § = 10 and a precision of 5 digits. In Table 1.1 the results of various calculations applied
to f1(x) = 0.71429 x 10° and fI(y) = 0.33333 x 10° can be inspected.

Table 1.1: Absolute and relative error for various calculations.

operation result exact value | absolute error | relative error
x+y | 010476 x 10! 22/21 0.190 x 10~* | 0.182 x 10~*
x—y | 0.38096 x 10° 8/21 0.762 x 1075 | 0.200 x 10~*
xxy | 023809 x 10° 5/21 0.524 x 1075 | 0.220 x 10~*
x=+y | 021429 x 10! 15/7 0.429 x 10~* | 0.200 x 10~*

In order to show how the values in de table are computed, the addition is expressed as

f1(x) + fl(y) = (0.71429 + 0.33333) x 10" = 0.1047620000. .. x 10"
This result has to be rounded to 5 digits:
FI(fI(x) + fl(y)) = 0.10476 x 10"
The exact value is x +y = 22/21 = 1.0476190476 . . .. Therefore, the absolute error is
1.0476190476 . .. — 0.10476 x 10" ~ 0.190 x 1074,

and the relative error is

1.0476190476 . .. — 0.10476 x 10

~ —4
1.0476190476 . .. ~0.182 x 107"

The error analysis of the other three operations follows the same strategy.
Example 1.4.2 (Absolute and relative errors)

In this example, the same numbers x and y and the same precision as in the previous example are
used. Furthermore, u = 0.714251, v = 98765.1 and w = 0.111111 x 10~%, hence fl(u) = 0.71425,
fl(v) = 0.98765 x 10> and w = 0.11111 x 10~*. These numbers are chosen in such a way that
rounding error problems can be clearly illustrated. In Table 1.2, x — u has a small absolute error
but a large relative error. By dividing x — u by a small number w or multiplying it with a large
number v, the absolute error increases, whereas the relative error is not affected. On the other
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Table 1.2: Absolute and relative error for various calculations.

operation result exact value absolute error | relative error
x—u 0.40000 x 10~* | 0.34714 x 10~* | 0.529 x 10> 0.152

(x —u)/w | 0.36000 x 101 | 0.31243 x 10! 0.476 0.152

(x —u) xov | 039506 x 10" | 0.34286 x 10! 0.522 0.152
u+o 0.98766 x 10°> | 0.98766 x 10° 0.186 0.188 x 107>

hand, adding a larger number u to a small number v results in a large absolute error but only a
small relative error.

The first row in Table 1.2 is created using the exact results u = 0.714251 and
x —u=>5/7—0.714251 = 0.3471428571 ... x 10~ 4.
The computed results, however, are fI(u) = 0.71425 x 10° and
Fl(x) — fI(u) = 0.71429 — 0.71425 = 0.0000400000 x 10°.
Normalization yields fI(fI(x) — fI(u)) = 0.40000 x 10~* leading to the absolute error
(x —u) — fI(fI(x) — fl(u)) = (0.3471428571 ... — 0.40000) x 10~* ~ 0.528 x 107>.

The relative error is
0.52857...x 107°

~ 0.152.
0.34714...x 104

It is interesting to note that the large relative error has nothing to do with the limitations of the
floating point system (the subtraction of fI(x) and fI(u) is without error in this case) but is only
due to the fact that the data are represented in no more than 5 decimal digits. The zeros that
remain after normalization in the single precision result fI(fI(x) — fI(u)) = 0.40000 have no
significance, only the digit 4 is significant; the zeros that are substituted are a mere formality
and represent no information. This phenomenon is called loss of significant digits. The loss of
significant digits has a large impact on the relative error, because of division by the small result.

A large relative error will sooner or later have some unpleasant consequences in later stages of
the process, also for the absolute error. For example, if x — u is multiplied by a large number, then
a large absolute error is generated, together with the already existing large relative error. This can
be seen in the third row of the table, where the exact resultis (x — u) x v = 3.42855990000460. . ..
Calculating fI(fl(x) — fl(u)) x fl(v) yields

FI(FI(x) — fl(u)) x fl(v) = 0.4 x 10~% x 0.98765 x 10° = 0.3950600000 x 10'.

After rounding, the computed resultis fI(fI(fI(x) — fl(u)) x fl(v)) = 0.39506 x 10'. This yields
the absolute error
3.42855990000460 . . . — 0.39506 x 10! ~ 0.522,

and the relative error is
0.522...

3.42855990. ..

Suppose that y? is added to the result (x — u) x v. Because y = 1/3 and therefore y> = 1/9, the
result of this operation is indistinguishable, due to the large absolute error. In other words, for
the reliability of the result it does not make a difference if the last operation had been omitted
(and the numerical process was altered). Therefore, something is fundamentally wrong in this
case.

~ 0.152.
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Almost all numerical processes exhibit loss of significant digits for a certain set of input data,
one might call such a set ill conditioned. There are also numerical processes that exhibit these
phenomena for all possible input data. Such processes are called unstable. One of the objectives
of numerical analysis is to identify unstable processes and classify them as useless, or improve
them in such a way that they become stable.

Remark
The standard mathematical laws (such as the commutative laws, associative laws, and the dis-
tributive law) do not necessarily hold for floating point arithmetic.

Computational rules for error propagation

In the analysis of a complete numerical process, the accumulated error of all previous steps
should be interpreted as a perturbation of the original data. Moreover, in the result of the sub-
sequent step, the propagation of these perturbations should be taken into account together with
the floating point error. In general, this error source will be more important than the floating
point error after a considerable number of steps (in the previous example of (x — u) X v even
after two steps!). In that stage the error in a numerical process will be largely determined by the
‘propagation’ of the accumulated errors. The computational rules to calculate numerical error
propagation are the same as those to calculate propagation of error in measurements in physical
experiments. There are two rules: one for addition and subtraction and one for multiplication
and division.

The approximations of x and y will be denoted by % and § and the (absolute) perturbations by
bx=x—FXand dy =y —7.

a) For addition, the erroris (x +y) — (¥ +7) = (x — %) + (y — J) = dx + dy. In other words,
the absolute error in the sum of two perturbed terms is equal to the sum of the absolute
perturbations. A similar rule holds for differences: (x —y) — (¥ — ) = éx — dy. The rule is
often presented in the form of an inequality: [(x £y) — (X £ 7)| < [6x| + |dy|. We call this
inequality an error estimate.

b) This rule does not hold for multiplication and division. Efforts to derive a rule for the
absolute error will lead nowhere, but one may derive a similar rule for the relative error. The
relative perturbations ¢, and ¢, are defined as ¥ = x(1 + &), and similarly for y. For the
relative error in a product xy it holds that

xy—%7  xy—x(1+ex)y(1+ey)
oo xy
assuming ¢, and ¢, are negligible compared to 1. In words: the relative error in a product of

two perturbed factors is approximately equal to the sum of the two relative perturbations.
A similar rule can be derived for division, where

xy — Xij
yiﬂ < lex| + ley-

|xy

Identification of ¥ with fI(x) and 7 with fI(y) makes it possible to explain various phenomena
in floating point computations, using these two simple rules.

1.5 Landau’s O-symbol

In the analysis of numerical methods estimating the behavior of the error is of primary impor-
tance. However, it is often more important to know the growth rate of the error rather than its
explicit value which is impossible to compute in many practical problems. Landau’s O-symbol
is a handy tool to compare the growth rate of two functions in the neighborhood of a point a.
For all applications of the Landau O-symbol in this book, a = 0, which leads to the following
(simplified) definition.
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Definition 1.5.1 (O-symbol) Let f and g be given functions. Then f(x) = O(g(x)) for x — 0, if there
exist positive r and finite M such that

If(x)| < M|g(x)| forall x € [-r,71].

To estimate errors, the following computational rules are used.

Computational rules
If f(x) = O(xP) and g(x) = O(x1) for x — 0, with p > 0 and g > 0, then

a) f(x) =0O(x°) forallswith0 <s < p.
b) af(x)+ Bg(x) = O(x™n{ra}) for all a, f € R.

o) f(x)g(x) = O(xF*1).
d) f(x)/|x]*=0(xF~%)if0 <s < p.

Example 1.5.1 (O-symbol)
Let f(x) = x? and g(x) = x. In this case:
a) f(x) = O(x?) for x — 0, but also f(x) = O(x) for x — 0.
b) Function h(x) = x% 4 3x is O(x) for x — 0 but not O(x?) for x — 0.
o) f(x)-g(x)is O(x®) for x — 0.
d) f(x)/g(x)=x1is O(x) for x — 0.

1.6 Some important concepts and theorems from analysis

In this section some important concepts and theorems from analysis are reviewed that are often
used in numerical analysis. Note that C[a,b] is the set of all functions being continuous on the
interval [a, b] and CP[a, b] is the set of all functions of which all derivatives up to the pth exist and
are continuous on the interval (g, b).

Definition 1.6.1 (Well posedness) Mathematical models of physical phenomena are called well posed
if

o A solution exists;

o The solution is unique;

o The solution’s behavior changes continuously with the data.

Models that do not satisfy these conditions are called ill posed.

Definition 1.6.2 (Well conditioned) Mathematical models are called well conditioned if small errors
in the initial data lead to small errors in the results. Models that do not satisfy this condition are called ill
conditioned.

Definition 1.6.3 (Modulus of a complex number) The modulus of a complex number a + ib is equal

to |a + ib| = /a2 + b2. Note that also |a — ib| = v/a? + b2.

Definition 1.6.4 (Kronecker delta) The Kronecker delta is defined as the following function of two in-

teger variables:
)L i=j
0ij = { 0, i#j.
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Definition 1.6.5 (Eigenvalues) Let A be an m x m matrix, and I be the m x m identity matrix. The
eigenvalues Ay, ..., Ay of A satisfy det(A — AI) = 0.

Theorem 1.6.1 (Triangle inequality with absolute value) For any x,y € R, |x +y| < |x| + |y|.
Furthermore, for any function f : (a,b) = R, | fab f(x)dx| < fab | f(x)|dx.

Theorem 1.6.2 (Intermediate-value theorem) Assume f € Cla,b]. Let f(a) # f(b) and let F be a
number between f(a) and f(b). Then there exists a number ¢ € (a,b) such that f(c) = F.

Theorem 1.6.3 (Rolle’s theorem) Assume f € Cla,b] and f differentiable on (a,b). If f(a) = f(b),
then there exists a number ¢ € (a, b) such that f'(c) = 0.

Theorem 1.6.4 (Mean-value theorem) Assume f € Cla,b| and f differentiable on (a,b), then there
exists a number ¢ € (a, b) such that
£) - fla)

ey =12 =1

Theorem 1.6.5 (Mean-value theorem for integration) Assume G € Cla,b]| and ¢ is an integrable
function that does not change sign on [a, b]. Then there exists a number x € (a, b) such that

b b
/ G(t)g(t)dt = G(x) / o(1)dt.
a a
Theorem 1.6.6 (Weierstrass approximation theorem) Suppose f € Cla, b] is given. For every e > 0,
there exists a polynomial function p such that for all x in [a,b], | f(x) — p(x)| < &
Theorem 1.6.7 (Taylor polynomial) Assume f € C"(a,b) is given. Then for all c,x € (a,b) there
exists a number ¢ between ¢ and x such that
f(x) = Pu(x) + Ra(x),
in which the Taylor polynomial Py (x) is given by

Y
Py(x) :f(c)—l—(x—c)f/(c)—k%f”(c)—i-...—i-

and the remainder term Ry, (x) is:

(x —¢)"

n!

(),

_ (x — C)n+1 n
Ry(x) = mf( (@).
Proof
Take ¢, x € (a,b) with ¢ # x and let K be defined as
x —c)? x—c)"

£ = 0+ r—o)f )+ Eo L g0 4+ Eo D g 1 k(x—0H a)
Consider the function

F() = £(t) — f() + (x— D (1) + & ;!t)zf”(t) +o+ %fw(t) +K(x— )"t

By (1.8) it follows that F(c) = 0 and F(x) = 0. Hence, by Rolle’s theorem there exists a number ¢
between c and x such that F'(¢) = 0. Further elaboration yields

FE =@+ 106 -0 - r@r+ {50 a0 r@e-o) .

" {f(n—ﬂ)(g) gy L) c><”‘”} K (- )"

n! (n—1)!
Fm(©)

=L g - Km+ ) (k-9 =0,




Chapter 1. Introduction 9

Hence,

FmI(E)
 (n+1)
which proves the theorem. X
Theorem 1.6.8 (Taylor polynomial of two variables) Let f : D C R? + R be continuous with
continuous partial derivatives up to and including order n + 1 in a ball B C D with center ¢ = (c1,¢3)
and radius p: B = {(x1,%2) € R? : \/(x1 —¢1)2 + (x2 — ¢2)2 < p}. Then for each x = (x1,%,) € B
there exists a 0 € (0,1), such that
f(x) = Pa(x) + Ru(x),

in which the Taylor polynomial P,(x) is given by

2 2 2 n
_|_l' Z 2 2 <xi1 - Ci1)<xi2 —Ciy) - (X5, — Cin)L@)r

axilaxi2 ce axin

2 2 an+1f
Rn(x) = (7’[+ 1)' Z e Z (xll Cl]) (xl‘nJrl - Cin+1)axil'7

.. axinH

(c+0(x—0)).

Proof
Let x € B be fixed, and h = x — ¢, hence |/h|| < p. Define the function F : (—1,1) — R by:

F(s) = f(c+sh).

Because of the differentiability conditions satisfied by f in the ball B, F € C"*1(—1,1) and F¥(s)
is given by (verify)

2. 2 2 ¥f(c+sh)
k _— . . .
F(s) = ;g ;axuaxlz by,

Ik

Expand F into a Taylor polynomial about 0. This yields

! s" n "t n+1
F(s) = F(0) + sF (0)+...+HF (0)+(n+1)!F (0s),
for some 6 € (0,1). By substituting s = 1 into this expression and into the expressions for the
derivatives of F, the result follows. X

Example 1.6.1 (Taylor polynomial of two variables)
For n = 1, the Taylor polynomial equals
0 )
P = fler,e2) + (31— ) 3 (e1,00) + (12— e2) 3 (e c2),
axl 8x2
and for the remainder term: Ry (x) is O(||x — ¢||?)

Theorem 1.6.9 (Power series of 1/(1 — x)) Let x € R with |x| < 1. Then:

1
=l+x+x2+x0+... =) "
1—x X T X X X
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Theorem 1.6.10 (Power series of ¢¥) Let x € R. Then:

xk

E.

1 1 o0
X _ -.2 3 _
e —1+x+2x +—3!x +...—k§_0

1.7 Summary

In this chapter, the following subjects have been discussed:

- Numerical mathematics;

- Rounding errors;

- Landau’s O-symbol;

- Some important concepts and theorems from analysis.

1.8 Exercises

1. Let f(x) = x3. Determine the second-order Taylor polynomial of f about the point x = 1.
Compute the value of this polynomial in x = 0.5. Give an upper bound for the error and
compare this with the actual error.

2. Let f(x) = e*. Give the nth order Taylor polynomial about the point x = 0, and the remain-
der term. How large should 7 be chosen in order to make the error less than 107 in the
interval [0, 0.5]?

3. We use the polynomial P,(x) = 1 — x2/2 to approximate f(x) = cosx in the interval
[—1 /2, 1/ 2}. Give an upper bound for the error in this approximation.

4. Letx = 1/3, y = 5/7. We calculate with a precision of three (decimal) digits. Express x
and y as floating point numbers. Compute fI(fI(x) o fl(y)), x oy and the rounding error
taking o = 4+, —, *, / respectively.

5. Write a program to determine the machine precision of your system.
Hint: start with y = 1. Divide u repeatedly by a factor 2 until the test 1 + p = 1 holds. The
resulting value is close to the machine precision of your system.



Chapter 2

Interpolation

2.1 Introduction

In practical applications it is frequently the case that only a limited amount of measurement data
is available, from which intermediate values should be determined (interpolation) or values out-
side the range of measurements should be predicted (extrapolation). An example is the number
of cars in The Netherlands, which is tabulated in Table 2.1 (per 1000 citizens) from 1990 every fifth
year up to 2010. How can these numbers be used to estimate the number of cars in intermediate
years, e.g. in 2008, or to predict the number in the year 20207

Table 2.1: Number of cars (per 1000 citizens) in The Netherlands (source: Centraal Bureau voor
de Statistiek).

year 1990 | 1995 | 2000 | 2005 | 2010
number | 344 | 362 | 400 | 429 | 460

In this chapter several interpolation and extrapolation methods will be considered.

A second example of the use of interpolation techniques is image visualization. By only storing a
limited number of pixels, much memory can be saved. In that case, an interpolation curve should
be constructed in order to render a more or less realistic image on the screen.

A final application is the computation of trigonometric function values on a computer, which is
time consuming. However, if a number of precalculated function values is stored in memory, the
values at intermediate points can be determined from these in a cheap way.

2.2 Linear interpolation

The simplest way to interpolate is zeroth degree (constant) interpolation. Suppose the function
value at a certain point is known. Then, an approximation in the neighborhood of this point is
set equal to this known value. A well known example is the prediction that tomorrow’s weather
will be the same as today’s. This prediction appears to be correct in 80% of all cases (and in the
Sahara this percentage is even higher).

A better way of interpolation is a straight line between two points (see Figure 2.1). Suppose that
the function values f(xg) and f(x;) at the points xy and x; are known (xgp < x7). In that case,
it seems plausible to take the linear function (a straight line) through (xo, f(x0)), (x1, f(x1)), in
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2
f(x0)
\\
~
15f ~ 1
~\
~
\\
~
= S
X Lai(x)
\\
~
\\
| . i
! ()
~
~
x_f(x1)
0.5 :
0.5 1 15
X0 X X1

Figure 2.1: Linear interpolation polynomial, L, of the function f (x) =1/x,x9 = 06, x = 095,
X1 = 1.3.

order to approximate! f(x),x € [xo, x1]. Such a function is called a linear interpolation polynomial,
and can be expressed as

X — X
X1 — X0

Li(x) = f(xo) + (f(x1) = f(x0))- 2.1

The mathematical derivation of this formula uses the following properties:
1. L; is linear, hence it can be written as L1 (x) = ¢y + c1X;

2. L; interpolates the given data, hence it holds that L1 (x¢) = f(xo) and L1(x1) = f(x1). This
is called the interpolation property.

These properties lead to the following linear system of equations:

() (E) - (i) *

from which the unknown coefficients cy and c¢; can be determined.

The need to solve (2.2) can be overcome by making use of the so-called Lagrange basis polynomials
Li1(x),i=0,1. Lo;(x) and L11(x) are defined as linear polynomials such that

Loi(x0) =1, Lo1(x1) =0, L11(x0) =0, L11(x1) = 1.
From these properties it follows that

X — X1 X — X
Loi(x) = P and Lyq(x) = g

The linear interpolation polynomial L; (x) can be written as

Ly(x) = Lo1(x) f(x0) + L11(x) f(x1),

!Whenever the word “approximation’ occurs in this chapter, we mean that the unknown function value is approxi-
mated using an interpolation polynomial.
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which is called the Lagrange form of the interpolation polynomial, or the Lagrange interpolation
polynomial for short. The interpolation points xy and x; are often called nodes.

Theorem 2.2.1 provides a statement for the interpolation error if the interpolated function is at
least twice continuously differentiable.

Theorem 2.2.1 Let xo and x; be distinct nodes in [a,b], xo < x1, f € C?[a,b] and let Ly be the linear
interpolation polynomial that equals f at the nodes xo, x1. Then for each x € [a, b] there existsa & € (a,b)
such that

F) = L) = 5 (x = x0) (x = x1)f"(©) 23)

Proof
If x = xg or x = xq, then f(x) — L1(x) = 0 and ¢ can be chosen arbitrarily. Assume x # xy and
x # x1. For each x there exists a constant g such that

f(x) = Li(x) = q(x — x0) (x — x1).

To find an expression for g consider the function

¢(t) = f(#) = Li(t) = q(t = x0) (£ = x1).
¢ satisfies ¢(xo) = ¢(x1) = ¢@(x) = 0. By Rolle’s theorem, there exist at least two points y and z
in (a,b) such that ¢'(y) = ¢'(z) = 0. Again by Rolle’s theorem there is a ¢ between y and z and
hence ¢ € (a,b) such that ¢” (&) = 0. Because ¢ (t) = f"(t) — 2q this means that g = 1 f"/(¢). X
If x ¢ [x0, x1], then the linear polynomial (2.1) can be used to extrapolate. Relation (2.3) is still the
correct expression for the error.

From Theorem 2.2.1, an upper bound for the linear interpolation error follows:

|£(x) = Li(x)] < 5 (x1 = x0)* max [f"(E)]. (24)

ge(ab)

x|

In many practical applications the values f(xg) and f(x;) are a result of measurements (per-
turbed) or calculations (round-off errors). Assume that the measurement error is bounded by
g, thatis, |f(xo) — f(x0)| < eand |f(x1) — f(x1)| < & where the" (hat) refers to the measured,
hence available data. The difference between the exact linear interpolation polynomial L; and
the perturbed polynomial L is bounded by

Ly (x) — Ly ()] < A== xal,
X1 — X0

=< (2.5)
For x € [xg,x1] (interpolation), the error resulting from uncertainties in the measurements is
bounded by e.

However, if x ¢ [xo,x1] (extrapolation), the error can grow to arbitrarily large values when
moving away from the interval [xp, x1]. Suppose that x > xj, then the additional inaccuracy
is bounded by

Ly (x) — Ly (x)] < <1 + 2;‘1__’;10) e. (2.6)

In Figure 2.2, the impact of the rounding or measurement errors on linear interpolation and ex-
trapolation is visualized. It graphically illustrates the danger of extrapolation, where the region
of uncertainty, and hence, the errors due to uncertainties in the data, make the extrapolation error
large. Note that the truncation error in equation (2.3) also becomes arbitrarily large outside the
interval [xg, x1].

The total error is the sum of the interpolation/extrapolation error and the measurement error.
Example 2.2.1 (Linear interpolation)

In Table 2.2, the value of the sine function is presented for 36° and 38°. The approximation for
37° using the linear interpolation polynomial provides a result of 0.601723. The difference with
the exact value is only 0.9 x 10~%.
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— Exact

""" Lower limit H

- = = Upper limit
-0.5 0 0.5 1 15 2 25

Figure 2.2: Interpolation and extrapolation errors resulting from measurement errors, using, as
an example, xg = 0,x1 =1, f(x9) = 1, f(x1) = 2, and € = 1/2. The region of uncertainty is filled.

Table 2.2: The value of sin «.

o sina
36° | 0.58778525
37° | 0.60181502
38° | 0.61566148

2.3 Higher-order Lagrange interpolation

Suppose that nn + 1 function values are provided. Instead of using linear interpolation, f(x) can
be approximated by a polynomial L, (x) of degree at most #, such that the values of f and L,
at the n + 1 different points xy, ..., x, coincide. L, is called an nth degree Lagrange interpolation
polynomial.

The polynomial L, (x) that satisfies these constraints has the following properties:

1. Ly(x) is a polynomial of degree 1, hence it can be written as
n
Lu(x) = Y cx*.
k=0

2. The values at the interpolation points coincide: L, (x;) = f(xj), j =0,...,n.

These properties lead to the following linear system:

1 xo x5 ... xf co f(xo0)
1 xy x2 ... Cn f(xn)

from which the unknown coeffients c;,i = 0,...,n, can be determined. This matrix, in which
each row consists of the terms of a geometric series, is called a Vandermonde matrix.
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It is again possible to avoid the linear system of equations by using Lagrange basis polynomials.
To this end, the nth degree interpolation polynomial is written as

n

Lu(x) = ) f(x) Ln (),

k=0

(2.7)
in which the nth degree Lagrange basis polynomials satisfy L, (x;) = J; in the nodes x; (see
definition 1.6.4). The Lagrange basis polynomials L, (x) are explicitly given by

(x —x) - (x — 2 1) (x — xgq1) - (x — xn)
(k= x0) -+ (v — 1) (X — Xpg1) -+ (3% — xn)”

Lin(x) = (2.8)

and can also be written as:

Ly (X) =

Theorem 2.2.1 can be generalized:

Theorem 2.3.1 Let x, ..., xy be distinct nodes in [a,b], xg < x; < --+ < x,. Let f € C"*1[a,b] and
let Ly, be the Lagrange polynomial that equals f at these nodes. Then for each x € [a,b] there exists a
¢ € (a,b) such that
(n+1)
£ = Lalx) = (x = 30) -+ (= m) )
Proof:
The proof is completely analogous to that of Theorem 2.2.1. X

If Lagrange interpolation is used on tabulated values, then the best results are obtained by choos-
ing the nodes in such a way that x is in the (or an) innermost interval.

Suppose that measurement errors are made, and |f(x) — f(x)| < e. Then the error in the per-
turbed interpolation polynomial is at most

Lu(x) — Ln(x)] < kzo L (x) .

n
If the nodes are equidistant, x; = xo + kh, with h = (x, — x¢)/n, then the value of Y |Ly,(x)|
k=0
increases slowly with n. A number of upper bounds is given in Table 2.3.

n
Table 2.3: Upper bounds for Y. |Lg,(x)|.
k=0

X € [xo,x1] | x €[x1,x2] | x € [xp,x3] | x € [x3,x4] | x € [xg,x5]
n= 1
n=2|125 1.25
n=3]| 163 1.25 1.63
n=4|23 1.4 1.4 2.3
n=>5|31 1.6 1.4 1.6 3.1

Assume that the interpolation points are equidistantly distributed on an interval [a, b]. One might
wonder whether it is possible to approximate a provided (sufficiently smooth) function arbitrar-
ily close using a Lagrange interpolation polynomial, by increasing the degree n of the interpo-
lation polynomial. Surprisingly enough this is not the case. A well known example of this was
suggested by Runge.
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Example 2.3.1 (Runge’s phenomenon) *

Consider the function 1/(1 + x?) on the interval [—5,5], with nodes x; = —5 4+ 10k/n, where
k = 0,...,n. In Figure 2.3(a) the function is visualized together with the 6th and 14th degree
interpolation polynomials. Note that the 14th degree polynomial approximation is better than
that of degree 6 on the interval [-3, 3]. In the neighborhood of the end points, however, the 14th
degree polynomial exhibits large oscillations.

The oscillations of the interpolation polynomial near the boundary of the interval are known as
Runge’s phenomenon. The above example leads to the question whether Runge’s phenomenon
can be avoided. In order to answer this question, the expression for the interpolation error in
Theorem 2.3.1 can be considered. This expression contains two factors that can become large:
the unknown factor f("*1)(¢) and the polynomial factor (x — xg) - - - (x — x,). Clearly, f(*+1) ()
cannot be influenced, but the polynomial (x — x¢) - - - (x — x;;) can be made small in some sense
by choosing better interpolation points x;,i = 0, ..., n. More specifically, the interpolation points
should be chosen such that

max |(x—¥0) -+ (x — %u)|

x€[a,b]
is minimized over all possible choices for the interpolation points xo, ..., x,. This problem was
solved in the 19th century by the Russian mathematician Chebyshev, who found that the optimal
interpolation points are given by

a+b b-—a 2k+1
— k: PPN
Xk 7 + 5 cos <2(n+1)7'c> 0,...,m,

which are called Chebyshev nodes. In Figure 2.3(b), it can be seen that the interpolation polynomi-
als using Chebyshev nodes provide much better approximations compared to the equidistantly
distributed ones in Figure 2.3(a). It can be shown that by using Chebyshev nodes, a continuously
differentiable function can be approximated with arbitrarily small error by increasing the degree
n of the interpolation polynomial.

Example 2.3.2 (Extrapolation)

Large errors may also occur in extrapolation. Consider the function f(x) = 1/x. The nth degree
interpolation polynomial is determined with nodes x; = 0.5+ k/n, k = 0,...,n. In Figure 2.4,
f(x) and the interpolation polynomials of degree 6 and 10 are shown on the interval [0.5,1.8].
The polynomials and the function itself are indistinguishable on the interval [0.5, 1.5]. With
extrapolation (x > 1.5), however, large errors occur. Again the largest error occurs in the highest-
degree polynomial.

2.4 Interpolation with function values and derivatives *

2.4.1 Taylor polynomial

A well known method to approximate a function by a polynomial is Taylor’s method. As an
approximation method it is not used very often in numerical mathematics, but instead it is used
quite often for the analysis of numerical processes.

In many cases the approximation of the Taylor polynomial becomes better with increasing poly-
nomial degree. However, this is not always true. This is shown in the following example:

Example 2.4.1 (Taylor polynomial)

The function f(x) = 1/x is approximated in x = 3 by a Taylor polynomial of degree n about
x = 1 (note that x = 3 is outside the region of convergence of the Taylor series). The derivatives
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i b

(a) Equidistant nodes

(b) Chebyshev nodes

Figure 2.3: Interpolation of f(x) = 1/(1 + x?) with Lagrange polynomials of degree 6 and 14.

are given by: f(0)(x) = (—=1)*k!x~(+1), such that the nth degree Taylor polynomial about x = 1

equals
n

pulx) = Y2 AP ) (- 1)F/k = Y0 (“1)k(x — 1)
k=0

k=0

The values of p,(3) that should approximate f(3) = 1/3 are tabulated in Table 2.4. The approxi-

mation becomes less accurate with increasing polynomial degree.

Table 2.4: Approximation of f(x) = 1/x in x = 3, using an nth degree Taylor polynomial about

x=1.

43
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0.5 1 15 2
X

Figure 2.4: Extrapolation of f(x) = 1/x with Lagrange polynomials of degree 6 and 10.

2.4.2 Interpolation in general

In general, given a function f, a polynomial p is constructed such that at a number of pairwise

distinct nodes xy, . . ., x4 not only the values of f and p coincide, but also the value of their deriva-

tives up to and including order my at node x, k =0,...,n.

Suppose that f € C™[a,b] with m = Jnax . Then p is the polynomial of lowest degree such

<k<n

that )
dp
dxi

j
Xk :—df. x;) foreach k=0,...,n and j=0,...,my.
dx] J
x

Remarks

n
e This polynomial is at most of degree M =} my +n.
k=0

e If n = 0, then p is the Taylor polynomial of degree mg about x.

o If my = ... = my = 0, then p is the nth degree Lagrange polynomial of f in the nodes
XO, ceey Xn.
As an example, Section 2.4.3 deals with the case my = ... = m;, = 1. The resulting polynomials

are called Hermite interpolation polynomials.

2.4.3 Hermite interpolation

If both function values and its first derivatives are known at certain points, these data can be used
to construct an approximation polynomial of a higher degree.

For instance, assume that the function values and the value of the first derivative at two different

points are known, that is,
(x0, f(x0)), (x1, f(x1)),

(xo, f'(x0)), (31, f'(x1))
are provided. Using these four independent values, a third degree polynomial, H3, can be con-
structed, which satisfies

Hs(xj) = f(xj),  j=0,1,

Hy(xj) = f'(xj),  j=0,1.
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Writing H3(x) = co + c1x + cox? + c3x3 leads to the following system of linear equations:

1 x x§ x§ co f(xo)

1 v ¥ x €1 _ f(x1) 2.9)
0 1 2xp 3x3 2 f'(x0) '
0 1 2x; 3 c3 f'(x1)

In the same spirit as for Lagrange interpolation, this polynomial can be written as

1
H3(x) = ) (f(xe)Hia (x) + f'(xi) Hia (%)),
k=0
with
Hi(xj) =i,  Hia(xj) =0,
H,’d(x]) =0, H,’d(x]) = 5]'](.
This avoids having to solve system (2.9). Polynomials based both on given function values and

given derivatives are called Hermite interpolation polynomials.

The general expression for Hermite interpolation polynomials containing function values and

first derivatives is
n n

Hayyq(x) = kZ f () Hyn (x) + kZ f () Hpen (%),
=0 =0
in which
Hie(x) = (1 = 2(x — x5¢) L, (x1) ) L, (%),
and

Hin (x) = (x = x¢) L, (x).
The functions Ly, (x) are the Lagrange basis polynomials, as defined in equation (2.8).

The correctness of the Hermite interpolation polynomial is shown as follows: Hy,, and Hy, are
polynomials of degree 21 + 1. Note that Hy,(x;) = 0if k # j, because in that case, Ly, (x;) = 0. If
k = j, then, because Ly, (x;) =1,

Hien (%)) = Hyen (x) = ((1 = 2(xx — x¢) L, (x5)) Ly (xi) = 1.
Because Hy,(xj) = 0 forallj =0,...,nit follows that Hp, 1(xj) = f(x}).

Next, we have to show that the derivatives coincide at the nodes. Therefore, H,/m is calculated:

Hi, () = =2Lj, () Ly (%) + (1 = 2(x = x¢) L (%)) 2Ly (%) Ligy ().
Forallj=0,...,n, Hy,(x;) = 0. The derivative of Hy, is given by
Hp, (x) = L2, (%) +2(x — xg) Lign (%) L, (%)
Hence H;,(x;) = djx and therefore Hy, 1 (x;) = f'(x;).
Indeed, the Hermite interpolation polynomial satisfies the conditions Hp,1(x;) = f(xj) and
Hyyia(xj) = f'(x),j=0,...,n.

Theorem 2.4.1 Let xq,...,x, be distinct nodes in [a,b], xg < x; < --- < xn. Let f € C¥*2[a,b]
and let Hy, .1 be the Hermite interpolation polynomial that equals f and f' at these nodes. Then for each
x € [a,b] there exists a & € (a,b) such that

—x)2 e (x—x,)2
) = Hapia ) = E =g @)
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Proof:
The proof of this theorem is analogous to that of Theorem 2.2.1. The auxiliary function is chosen
as follows:

(t—x0)% - (t— xn)?
(x—x0)% - (x —xp)?

¢(t) = f() = Hanpa(t) — (f(x) = Hanpa(x))-

It can be proved that ¢'(t) has 2n + 2 different zeros in (a, ). X
The choice for Hermite interpolation instead of Lagrange interpolation is clarified in the follow-
ing two examples.

Example 2.4.2 (Seismic waves)

Seismic waves, the same type of waves used to study earthquakes, are also used to explore deep
underground for reservoirs of oil and natural gas. A simple model for wave propagation is
described by the following set of ordinary differential equations:

dx :

T = csin®,
dz

o = —ccost,
% = — % sin 6.

The position is denoted by (x,z) while 6 is the angle between wave front and x-axis. Suppose
that the propagation speed c depends on the vertical position only and that it is known at a
finite number of positions. However, in order to solve this system an approximation of ¢(z) in
all intermediate points is required. If piecewise linear interpolation is used, the derivative ¢’(z)
does not exist in the nodes, which may lead to large errors in the solution. If both ¢ and ¢/(z) are
known in the nodes, then the third degree Hermite interpolation polynomial can be used in each
interval and the first derivative exists also at the nodes.

Example 2.4.3 (Visualization)

Suppose a finite number of points of a figure is known and a smooth curve should be drawn
through them. Because a piecewise linear interpolation polynomial is not smooth in the nodes,
this often leads to an unrealistic representation. A better result is obtained using Hermite inter-
polation.

Suppose the graph of the function f(x) = 1/(1+ x3), x € [0,4], is used to visualize half of a
symmetric hill. In Figure 2.5 the graph is approximated with several interpolation polynomials.
The resulting curve using piecewise linear polynomials does not resemble a hill even remotely.
Hermite interpolation on the same nodes provides a much better result. However, this is not an
honest comparison because third degree Hermite interpolation uses twice as many input values.
Therefore, the third degree Lagrange interpolation on the intervals [0,2] and [2,4] is considered.
Note that on the interval [2,4] the function and the polynomial almost coincide. However, due to
the large jump in the derivative at x = 2, this result is useless.

2.5 Interpolation with splines

In the previous sections, it has been demonstrated that the approximation of a function using an
interpolation polynomial can cause some problems. It is often better to divide the interpolation
interval into subintervals and to construct an interpolation polynomial on each subinterval. One
problem with this approach is the lack of smoothness of the interpolation polynomial at the inter-
face of two subintervals. Hermite interpolation is a remedy for this problem, but for this to work
one has to know the derivative at the interface. If the data are gathered from measurements, then
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Figure 2.5: Interpolation of f(x) = 1/(1 + x?) using two intervals: linear, Hermite (degree 3) and
Lagrange (degree 3) interpolation.

the derivative at the nodes are often unknown. One way to ensure smoothness without knowing
the derivatives is to use so-called splines.

A spline is a piecewise polynomial that is connected smoothly in the nodes. We define the nodes
a=xy<x <---<x,=>b, which partition the interval [a, b]. A spline of degree p is defined as
the piecewise function

so(x), x € [xp,x1],

s1(x), x € [xy,x7,

S?’l—l(-x)/ X e [x}’l—ll xn}/

where s;(x)]| [x,x;..,] 18 @ polynomial of degree p and a smooth connection of s and its derivatives,

(r-1)

s,’(, ...,8 , is required in the nodes.

In this section, only linear (p = 1) and cubic (p = 3) interpolation splines are considered.

Definition 2.5.1 (Spline of degree 1) Let X, ..., x, be distinct nodes in [a,b], xg < x1 < -+ < Xp.
For f € Cla, b], the interpolation spline s of degree 1 is a function s € C|a, b] such that

a. On each subinterval [xy, Xxy1], s is linear, k = 0,...,n—1,
b. The values at the nodes satisfy s(xy) = f(x¢), fork=0,...,n.

Note that an interpolation spline of degree 1 consists of piecewise linear interpolation polynomi-
als.

A spline of degree 3, also called a cubic spline, consists of polynomials of degree 3. In the nodes
the value is equal to the function value, and further, the first and second derivatives are continu-
ous. Splines were originally developed for shipbuilding in the days before computer modeling.
Naval architects needed a way to draw a smooth curve through a set of points. The solution
was to place metal weights (called knots or ducks) at the control points and bend a thin metal or
wooden beam (called a spline) through the weights. The physics of the bending spline meant that
the influence of each weight was largest at the point of contact and decreased smoothly further
along the spline. To get more control over a certain region of the spline the draftsman simply
added more weights.
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Definition 2.5.2 (Natural spline of degree 3) Let the nodes x, . .., x, be distinct in [a, b] and satisfy
xg < x1 < -+ < xy. Fora function f € Cla, b], the interpolating spline s of degree 3 has the following
properties:

a. On each subinterval [xy, X1, s is a third degree polynomial s , k =0,...,n—1,

b. The values at the nodes satisfy s(xy) = f(xx), fork=0,...,n,

¢ Sp(xkr1) = k41 (k1) k=0,...,n =2,
St (Xkt1) = 83 g (X%41), k=0,...,n =2,
sy (¥kr1) = 81 (Xkg1), k=0,...,n—2.

In order to uniquely determine the unknowns, two extra conditions are required. A viable choice is to
prescribe

d. s§(xp) =s)|_1(xn) =0,
which implies that the curvature vanishes at the boundary.

Note that s € C?[a, b]. The conditions under d could be replaced with other conditions, but these
so-called natural boundary conditions belong to the shipbuilding application.

In order to demonstrate how to determine such an interpolating spline, sy is expressed as
se(x) = ap(x — x0)° + bp(x — x>+ c(x — x) +dp, k=0,...,n—1. (2.10)

Define hy = xj1 — xx, k=0,...,n—1,and f; = f(xx), k = 0,...,n. From property b it follows
that
sk(xk):dk:fk, kZO,...,I’l—l. (211)

Next, the various conditions from c are used.
1. Second derivatives: s}/ (x¢41) = 51, ¢ (Xk+1)

From (2.10) it follows that s}’ (x) = 6a;(x — xi) + 2by, such that
6aghy + 2by = s/ (xg+1) = s (Xks1) = 2bgs1, k=0,...,n—2.

By defining the value b, as b, = s|,_;(x,)/2, the relation 6ayhy + 2by = 2by;1 holds for
k = n —1 as well. This means that a; can be expressed in by:

ak:i(bk+1—bk),k=0,...,1’l—1. (2.12)
3

2. Function values: s (xgy1) = Sgr1(xkr1), together with s(x,,) = f(x,)

By defining the value d,, as d, = fy, this reduces to akhi + bkh% + crhy + dy = dii1,
k =0,...,n—1. By substituting equations (2.11) and (2.12) for dj and ay, respectively,
the following expression for cy is derived:

e = fe oy 2t b g (2.13)

Ck e k 3

3. First derivatives: s; (¥x11) = 8}, (¥k11)

This relation yields 3akh% +2bghy + ¢ = ck41, k =0, ..., n — 2. Substituting ay, cx (equation
2.13) and dy leads to

e (Bsq — be) + 2hibg + Jern —fe thbk b1 _ oo = frwr s 2b1q + bk+2’
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Figure 2.6: Interpolation of f(x) = 1/(1 + x*) using a cubic spline on six subintervals.

which can be simplified to

b + 20 + iy )b + by = 3 (fk”il‘fk“ - fk*;‘fk) k=012,
k+1 k

Property d implies that s (xg) = 2by = 0, such that by = 0. Using the definition b, = s, _;(x,)/2
(step 1), we also find b, = 0. Therefore, the resulting system consists of n — 1 equations for n — 1
unknowns by, ...,b,_1:

3 (fZ*fl _ frfo)

2(ho +h) h b 2 o
hq Z(hl + h2) hy by
hn72 Z(hn72+hn71) bn,] 3 (fn_fn—l _ fn—l_fn—z)
By hy—a

From this system the values by can be calculated, from which a; and ¢, can be determined using
equations (2.12) and (2.13) and by = b, = 0.

Example 2.5.1 (Visualization)

In this example, a cubic spline on six subintervals is used to approximate a symmetric hill (ex-
ample 2.4.3). The result in Figure 2.6 is of higher quality than the Hermite and Lagrange inter-
polation approximation in Figure 2.5. Note that for Hermite interpolation, the derivatives at the
nodes should be known, whereas this is not required in the cubic spline approach.

Remark
Splines are used in CAD and experience a revival in modern numerical methods for partial dif-
ferential equations.
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2.6 Summary

In this chapter, the following subjects have been discussed:

Linear interpolation;
Higher-order Lagrange interpolation;
Interpolation with derivatives:

- Taylor polynomial;
- Interpolation in general;
- Hermite interpolation;

- Spline interpolation.

2.7 Exercises

1. (a) Prove upper bound (2.4) for linear interpolation:

1 1!
£() = L)) < gl —x0)” max If"(@)]

(b) Show that the difference between the exact and the perturbed linear interpolation
polynomial is bounded by

1 — x|+ x —xol
X1 — X0

4

L1 (x) — Li(x)] <

and that, for x € [xg, x1],
|L1(x) — Li(x)| <,

and if x > xq,

|L1(X)—t1(X)‘ < (1 +2X—X1 ) E.
X1 = X0

2. Determine the second degree Lagrange polynomial of f(x) = 1/x using nodes xg = 2,
x1 = 2.5and x, = 4. Approximate f(3) with this polynomial.

3. Determine s(1/2), in which s is the cubic spline with nodes 0, 1 and 2, both for the function
f(x) = x and for f(x) = x2.

4. The distance that a car has driven is recorded every minute. The measured data are tabu-
lated below:

Time (in min): 0] 123
Distance (inkm): [0 | 05 | 1|2

(a) Compute the Lagrange interpolation polynomial of degree 3. Use this polynomial to
estimate the maximum speed of the car.

(b) Compute the cubic spline that interpolates the above data. Use this spline to estimate
the maximum speed of the car.
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Numerical differentiation

3.1 Introduction

Everyone who possesses a car and/or a driver’s licence is familiar with speeding tickets. In
The Netherlands, speeding tickets are usually processed in a fully automated fashion, and the
perpetrator will receive the tickets within a couple of weeks after the offence. The Dutch police
optimized the procedures of speed control such that this effort has become very profitable to the
Dutch government. Various strategies for speed control are carried out by police forces, which
are all based on the position of the vehicle at consecutive times. The actual velocity follows from
the first-order derivative of the position of the vehicle with respect to time. Since no explicit
formula for this position is available, the velocity can only be estimated using an approximation
of the velocity based on several discrete vehicle positions at discrete times. This motivates the use
of approximate derivatives, also called numerical derivatives. If the police want to know whether
the offender drove faster before speed detection (in other words, whether the perpetrator hit the
brakes after having seen the police patrol), or whether the driver was already accelerating, then
they are also interested in the acceleration of the ‘bad guy’. This acceleration can be estimated
using numerical approximations of the second-order derivative of the car position with respect
to time.

Since the time-interval of recording is nonzero, the velocity is not determined exactly in general.
In this chapter, the resulting error, referred to as the truncation error, is estimated using Taylor se-
ries. In most cases, the truncation error increases with an increasing size of the recording interval
(Sections 3.2 and 3.4). Next to the truncation error, the measurement of the position of the vehicle
is also prone to measurement errors. Issues that influence the results are, for example, paral-
lax, the measurement equipment, and in some cases even the performance of the police officer
(in car-videoing and laser control). These measurement errors provide an additional deteriora-
tion of the approximation of the speed and acceleration. The impact of measurement errors on
approximations of derivatives is treated in Section 3.3.

3.2 Simple difference formulae for the first derivative
Suppose f is a continuously differentiable function. The forward difference is defined as

Qf(h) — w, h>0,

in which & is called the step size. By definition,

lim f<x+h) —f(X) _f/(x)’

h—0 h
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and hence, the forward difference converges to the derivative. The truncation error is defined as

Ry(h) = f(x) - L), G
Theorem 3.2.1 If f € C?[x, x + h], then there exists a & € (x,x + h) such that
Ry(h) = —2£"(2). (32

Proof
Taylor expansion of f(x + h) about x yields

2
Flr+h) = Fx) +hf (x) + 2 £1(), with € € (x,x )
Substitution into (3.1) yields

x (x) 4+ 2 1E) — f(x

which completes the proof. X

Example 3.2.1 (Forward difference)

In this example, the derivative of the function f(x) = —x3 + x? + 2x is approximated in x = 1
using the step size h = 0.5. In Figure 3.1, it can be seen that the approximation of the derivative
is not yet very accurate.

3

= = =exact derivative

25H == forward difference -7 1

v central difference -

=
15f 1
l, 4
05 1 1 1
0.2 05 1 15 1.8
x—h x x+h
Figure 3.1: Approximation of the derivative of f(x) = —x% + x2 4+ 2x in x = 1 by a forward

difference or central difference.

Similar to the forward difference, a backward difference can be defined as

f(x) = flx—h)

h .
I , >0

Qp =

The truncation error for this formula is

Ry(h) = gf”(iy),for somey € (x —h,x),
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which means that the accuracy is comparable to that of the forward difference.

Note that the errors have opposite sign. Moreover, ¢ and n will differ, but for small & this differ-
ence is very small. It may therefore be interesting to average these two formulae such that these
errors almost cancel. This average is known as the central difference:

Qc(h) — f<x+h)2_hf<x_h)'

For this particular example, this results in a better approximation (Figure 3.1). If the third deriva-
tive of f exists and is continuous, then the truncation error in the central difference becomes

_ _ 2
Rc(h) — f/(x) _ f(x+h)2hf(x h) _ _%f///(g),

with ¢ between x — l and x + h. To prove this, f is expanded in a Taylor polynomial about x with
remainder term, and the intermediate-value theorem is used. Note that the error in the central-
difference approximation converges much faster towards zero as a function of 4, than the error
of the forward or backward formula.

Remark

In the limit i — 0, a central difference approximation approximates the derivative more accurate.
However, for a given h the error can still be larger than when forward or backward differences
are used.

3.3 Rounding errors

Apart from truncation errors, also rounding errors play an important role in numerical differen-
tiation. In this section, the rounding-error behavior of the central-difference formula is investi-
gated.

Suppose that the function values contain a rounding error of at most ¢, such that
|f(x —h) — f(x —h)| <e and |[f(x +h) — f(x +h)| <e
In that case, the rounding error of the central-difference approximation of f'(x), Sc(h), is bounded

by

fleth) = fee—n)  flc+n) = f(x—h)
2h 2h

=) = fa= ) |fGet )~ )] _ e
- 2h ~ h

We note that the upper bound of S.(h) increases if i decreases.

SC(h) = |QC(h) - QC(h)‘ =

Furthermore, the truncation error of the approximation is given by

Rell) = £'() ~ Qull) = ~24"(@), £ (x—hx+h),

which will reduce if h becomes smaller.

The total error of the approximation is equal to
[Ec(i)] = 1f'(x) = Qe(M)] = |f'(x) — Qe(h) + Qe(h) — Qe(h)]
2

< 1) = Qel) |+ 1Qe(h) — Qelh)] = [Re(l)] + Sc(0) < "o+ & = p(0)

in which m is an upper bound for | f"”/(x)| in a sufficiently large neighborhood of x. The minimum

value of this upper bound is @ (hopt) = V/9¢2m /8, for hopt = v/3¢/m.
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Example 3.3.1 (Rounding errors)

In this example, the derivative of f(x) = e* is approximated in x = 1, using the central-difference
formula and six digits. In that case, the used function values, f(x), contain rounding errors (Ta-
ble 3.1), whose absolute value, |f(x) — f(x)|, is at most 5 - 10~°. The corresponding approxima-
tions, Q.(h), are presented in Table 3.2 together with the errors f'(1) — Qc(h).

Table 3.1: Value of ¥, six digits. Table 3.2: Results of the central-difference formula.
x Fx) h | Qc(h) | Ec(h) = f/(1) = Qc(h)
0.8000 | 2.22554 0.2000 | 2.73645 -0.01817
0.9000 | 2.45960 0.1000 | 2.72285 -0.00457
0.9900 | 2.69123 0.0100 | 2.71850 -0.00022
0.9990 | 2.71556 0.0010 | 2.72000 -0.00172
0.9999 | 2.71801 0.0001 | 2.70000 0.01828

1.0000 | 2.71828
1.0001 | 2.71855
1.0010 | 2.72100
1.0100 | 2.74560
1.1000 | 3.00417
1.2000 | 3.32012

In Table 3.2, it can be seen that for decreasing &, the approximation becomes better at first but
it deteriorates rapidly for very small /1, which is caused by the rounding errors in the function
values.

For h < 0.1, we know that m = max{f"'(¢),& € (1—h,1+h)} = e''l. The function ¢(h) and the
upper bounds of |R.(h)| (equal to h?m/6) and S.(h) (equal to e/h) that belong to this example
are drawn in Figure 3.2. Indeed, it can be seen that, for decreasing &, the upper bound of the
truncation error decreases, whereas the rounding-error bound increases. It is easy to verify that
@(h) is minimal for hopt = 0.0171, with @(hopt) = 0.00044. Note that ¢(h) is almost constant in
the neighborhood of hopt (in particular for i > hopt), hence a step size close to hgpt will lead to a
comparable accuracy.

Remarks

e If the approximation of the derivative is insufficiently accurate, then there are two possible
approaches to improve this:

- Decrease the rounding and /or measurement error in the function values;

- Use a higher-order difference formula. In that case the truncation error, R(h), is often
smaller compared to a lower-order formula. Note that / should not be too small, in or-
der to avoid that the loss in significant digits due to the rounding error will annihilate
the improvement.

¢ Difference formulae are often used to solve differential equations (Chapter 7). In that case
the solution to the differential equation has to be determined accurately rather than the
derivatives. The behavior with respect to rounding errors is often much better in that case.

o The effect of rounding errors is large when the error in the function values is large and if
h is small. This often happens with inherently imprecise measurements. In a computer
generated table, the rounding error is often much smaller than in a table generated by
measurements, but still noticeable for a small .

e For h < hopt, the measurement or rounding error may even explode when h — 0.
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error

Figure 3.2: Upper bounds of absolute truncation error, rounding error, and total error, using
central differences in approximating the derivative of f(x) = e*inx = 1.

3.4 General difference formulae for the first derivative

In the previous sections, some simple difference formulae to approximate the first derivative
have been introduced. In many practical applications, it is necessary to use difference formulae
of higher accuracy (for example to counteract rounding errors) or formulae with non-equidistant
nodes. In this section, a general method to derive difference formulae will be presented. This is
done in a way, such that the order of the truncation error, given by

f'(x) = Q(n)| = O(P),
is as high as possible.

Assume that f’(x) is approximated by a difference formula based on nodes x; = x +ih, h > 0.
The general form of Q(h) is given by

Q(h) = %szifi, in which f; = f(x;). (3.3)

Since the derivative of f(x) is defined as

(0) = tim D= 10)

h—0

it is natural to include the division by & in equation (3.3). The second-order derivative f(x)

equals
L () = f1(x)
1 — 1 f (x ,
fr(x) = lim 0
and hence one more division by / follows. Repeating this argument for higher-order derivatives
motivates the following rule of thumb:

Rule of thumb 1
In a difference formula for the kth derivative, the coefficients have to be divided by h*.

In order to determine coefficients «;, a Taylor expansion of f; is computed about x in the variable
h. The coefficients are determined such that the order of the error is maximized. Two examples
of this idea will be provided using central or one-sided difference formulae.
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Example 3.4.1 (Central difference)

In this example, x_1 = x — h, xo = x and x; = x + h are used, such that

a1f(x—h)+agf(x) +arf(x+h)

Qh) = i : (34)
Taylor expansion yields
h? h3
fle=h) = fx) = hf'(x) + - f"(x) = 5" (x) + O(),
fx) = f(x),

h? h3
flet1) = f(x) + 1 (x) + 5 (%) + 37 () + O
Substituting these expansions in equation (3.4) yields

Cay (f(x) = hf'(x) +h2/2f" (x) =13 /3!f" (x) + O(h*))
N aof(x) +aq (f(x) +hf (x) +h2/2f"(x) +h3 /31" (x) + O(h*))
h
= f(x)(a_1/h+ag/h+ar/h) + f'(x)(—a_1 + a1)

+ " (x) (ha_1 /2 + hay /2) + f"(x) (—h2a_1 /3! + h2ay /3!) + O(K%).

Since Q(h) should approximate the first derivative of f, coefficients a_1,ag, and w; are deter-
mined by the conditions

f(x): D‘h;l + 2+ T =0
f(x): —a_q + o = 1,
F(x): Tha_4 + thay =
Solving this system leads to a_1 = —1/2,a90 = 0 and &y = 1/2, which yields the central-
g y y
difference formula
x+h)—f(x—h
Q(h) = A )th( ), (3.5)

with truncation error O (h?).

Example 3.4.2 (One-sided difference formula of order O (h?))

Suppose a derivative has to be determined at the left boundary of an interval, with a truncation
error of order O(h?). Choosing xo = x,x1 = x + h, xo = x + 2/ and

_ wof(x)+af(x+h)+asf(x+2h)

Q) . ,

the Taylor expansions are given by
f(x) = f(x),
2
Flxt ) = )+ hf (x) + o () + O,
flx+2h) = f(x) +2hf' (x) + 20*f" (x) + O(1°).

The following conditions are obtained:

f(x): o+ 3+ 7 =00,
f(x): 0 + 20 = 1,
f”(x) : %0(1 + 2]”10(2 =0
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Solving this system yields ayg = —3/2,a7 = 2 and ap = —1/2, such that the one-sided difference

formula equals

=3f(x)+4f(x+h) — f(x+2h)
2h ’

Q(h) = (3.6)

with truncation error O (h?).

3.5 Relation between difference formulae and interpolation *

In Section 3.4, a general way to derive difference formulae has been discussed. A clear disad-
vantage, however, is that a set of equations has to be solved, where the number of unknowns
increases with the order of accuracy.

In this section, a different approach is considered using Lagrange interpolation polynomials to
approximate functions (Section 2.3). It seems rather obvious that the derivative of the interpola-
tion polynomial may be taken as an approximation of the derivative of the function. This idea is
pursued to derive difference formulae in a different way.

If xg,x1, ..., x4 do not coincide and f € crtl [a,b], then the Lagrange interpolation formulation
is given by

L frD(E(x))
flx)= k;)f(xk)Lkn(x) +(x—xp) - (x = XW)W’

in which ¢(x) € (a,b). Differentiation of this expression yields

oy o , d F(E ()
fl(x) = k;f(xk)Lkn(x) gy (X x0) - (r =) =25
+(x_xO)...(x_xn)iw, (3.7)

dx (n+1)!

The last term generally cannot be evaluated. However, if x = x;, then equation (3.7) becomes

< f(”“)(é(xj))
f,<x]):k§0f X Lk}’l +H _Xk W
k#]
Example 3.5.1 (Forward difference)

Forn =1,x = x¢ and x1 = x¢ + h, the Lagrange basis polynomials satisfy

==
~

Ln(x) = 35 Ly(x) = —

Lu(x) = =% , Lyx) =

==

This means that the derivative is given by

F1(x0) =~ f(x0) + 3 Flxo + ) + 5 £(2),

which is exactly the forward-difference formula.
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3.6 Difference formulae of higher-order derivatives

In the introduction it has been explained that second-order derivatives are required in order to
compute the acceleration from measured position values.

Higher-order derivatives may be approximated using a similar approach as for the first deriva-
tive. Suppose that f”/(x) should be approximated with a central-difference formula Q(%) . Choos-
ingx_1 =x—h,xop = xand x; = x + &, the approximation is computed as

a1f(x—h)+agf(x) +arf(x+h)

Q) = - :

where the division by /2 has been motivated in Rule of thumb 1. Taylor expansion about x yields
! h* 1" K’ " 4
Flr4h) = FO) + RF () + 0 f () 4 5 £ () + OY),
f(x) = fx),
/ h? 1" W " 4
fle=h) = flx) = hf (x) + 5 f7(x) = 5 /7 (x) + O(H).

The conditions for & _1, &g and a7 are

f(x): =+ B m =0,
f/(x) : _ah;l + %1 = 0
f(x) Jaq tog =1

Solving this system yields a1 = 1,49 = —2 and &7 = 1, such that

flx+h) =2f(x) + f(x = h)
h? ’

Q(h) = (3.8)

Note that the error in this formula is O (h?).

Rule of thumb 2
To derive a numerical method for the kth derivative with truncation error O(h?), the Taylor
expansions should have a remainder term of order O (hP**).

Another way to determine the second derivative is the repeated application of the formula of
the first derivative. To approximate the second derivative numerically, at least three points are
required. Suppose that the second derivative is approximated using three equidistant function

values, f(x —h), f(x), and f(x + h).

The obvious way to approximate the second derivative is to take the difference of the first deriva-
tive at the points x + h and x — h. Using central differences, this means that the function values
in x + 2h and x — 2h are required. This can be avoided by introducing auxiliary points x /2
(Figure 3.3) and taking a central difference of the derivatives at these points:

f”(x) ~ f/(x+ %h) ;f/(x_ %h)

Applying a central-difference scheme again to the first-order derivatives yields

F1(x) ~ L <f(X+h) —fx) _fx) —f(x—h)),

“h h h

which can be simplified to

fx+h) =2f(x) + f(x = )
h? ’

Q(h) =
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Figure 3.3: Nodes to approximate f”(x) using a repeated central-difference formula.

The truncation error is obtained using Taylor polynomials, and equals

]’12
') = Q) = =5 FU (@), (3.9)

Note that the effect of rounding errors is even more serious here. An upper bound for the error
caused by rounding errors is:
4e
S(h) < 2

To solve a certain type of differential equation it may be necessary to approximate (vf’)’, in

which v is a (given) function. Analogous to the above, the following approximation of (vf’)’ can
be used:
(of)(x+ 3h) — (vf") (x — 3h)
p .

Applying central differences once more yields

v(x+ 3h)(f(x +h) — f(x)) —o(x — 5h) (f(x) — f(x — h))
h2 ‘

3.7 Richardson’s extrapolation

3.7.1 Introduction

In the previous sections, some truncation error estimates for various difference formulae were
presented. These expressions often contain a higher-order derivative of the function. However,
if the first derivative is unknown, it is impossible to determine a higher-order derivative. In
short, these estimates are often of theoretical importance, but useless in practice. In Section 3.7.2,
it will be explained how Richardson’s extrapolation can be used as a practical method to make
a numerical estimate for the error. Furthermore, Section 3.7.3 explains the use of Richardson’s
extrapolation to obtain a higher accuracy with a low-order method in case the order of the error,
p, is known.

In Richardson’s extrapolation, a numerical method Q(%) is used to approximate an unknown
value M, where we assume that the error in this approximation has the form

M —Q(h) = cyh? + O(WPT1), (3.10)

in which ¢, # 0, p € IN. Note that the error has this form if it can be expressed as a Taylor series
and that p is the order of the error.

In this section, Richardson’s extrapolation will be applied to difference formulae, but the method
can also be used for other types of approximations (interpolation, numerical integration etc.), as
long as the error has the form (3.10).
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Table 3.3: Approximation of f’(1) using f(x) = ¢*, and forward difference.

Grid size Approximation Differences

4h =0.1 Q(4h) =2.8588... -

2h =0.05 | Q(2h) =2.7873... | Q(2h) — Q(4h) = —0.0714...
h=0.025| Q(h)=27525...| Q(h)—Q(2h) = —0.0348...

3.7.2 Practical error estimate

In this section, Richardson’s extrapolation will be used to make a numerical estimate of the error
M —Q(h).
For h sufficiently small, equation (3.10) can be approximated by

M — Q(h) = cph?. (3.11)

For a given h, Q(h) can be computed, but M, cp and p are still unknown. However, these val-
ues can be approximated by computing for example Q(), Q(2h) and Q(4h). In that way, the
following set of equations is obtained:

M — Q(4h) = c,(4h)?, (3.12a)
M — Q(2h) = ¢, (2h)P, (3.12b)
M —Q(h) = cp(h)P. (3.12¢)

By subtracting equation (3.12b) from (3.12a) and equation (3.12c) from (3.12b), M can be elimi-
nated and only two unknowns are left:

Q(2h) — Q(4h) = cp(2h)F (2F - 1), (3.13a)
Q(h) — Q(2h) = cp(h)P(2P —1). (3.13b)
Next, ¢, and & can be eliminated by dividing these two expressions, which yields
Q(2h) — Q(4h)
Q(r) — Q(2n)

from which p may be determined. Substitution of p into (3.13b) provides an approximation for
cph?, which is used in equation (3.12¢) to find the error estimate M — Q(h).

=27, (3.14)

Example 3.7.1 (Practical error estimate)

Once again, the numerical approximation of the derivative of f(x) = e* is approximated in
x = 1, here using a forward-difference formula. The exact value of the derivative is known:
M = f'(1) = e =2.71828.... Using h = 0.025, the values Q(h), Q(2h), and Q(4h) are tabulated
in Table 3.3.

Substituting these results into (3.14) yields

Q(2h) — Q(4h)  —0.0714... )
Q) —0@n) ~ —oosas.. 20509 =2

As expected the value of p is almost equal to 1. Because p (the order of the error) should be an
integer, we take it equal to 1. From equation (3.13b), the following error estimate is obtained:

Q(h) — Q(2h)

_ —c WP =
M — Q(h) = cph? = T

= —0.0348....
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Note that the exact error equals
M—Q(h)=e—27525...= —0.0342....

In this example the error estimate is very reliable.

To receive a better approximation the error estimate can be added to the approximation:

Q(h) +cph? =2.7525...—0.0348 ... =2.7177 .. ..

In the above example, the value of p was computed using Richardson’s extrapolation. However,
using Theorem 3.2.1, it is clear that p = 1, and this value could have been used immediately in
equation (3.13b) in order to determine c,h”. In practice, more complex situations are found, and
the following complications may occur:

- Itis not known whether higher-order derivatives exist and/or are bounded.

- The final result is a combination of various approximation methods. The influence of these
approximations on p is not always clear.

- During implementation of the algorithm in a computer program, errors may be made.

To reveal any of these complications it is good practice to verify whether the calculated p is close
to the p that follows from theory.

3.7.3 Formulae of higher accuracy from Richardson’s extrapolation *

In several applications the value of p in (3.10) is known. In that case Richardson’s extrapolation
can be used to determine formulae of higher accuracy.

This is done by making use of the fact that the error estimates for Q() and Q(2h) equal
M—Q(h) =cph? +O(hP T, (3.15a)
M — Q(2h) = ¢, (2h)P + O (W) . (3.15b)
Multiplying equation (3.15a) by 27 and subtracting equation (3.15b) from this yields
2/(M = Q(h)) — (M — Q(2h)) = 2" (cyh") — cp(2h) + O(H'*),

such that
(2P —1)M —2PQ(h) + Q(2h) = O(hPT1).

This means that PO(h h
M= % +OmrY, (3.16)

The value (27Q(h) — Q(2h))/(2P — 1) is a new approximation formula for M with an accuracy
that is one order higher than the order of Q(h).

Example 3.7.2 (Forward difference of higher accuracy)

As an example, the forward-difference method is considered. The error in the forward-difference
formula may be written as

f(x) = Qp(h) = cth + O(h?), (3.17)
and the difference for 2/ equals

f/(x) — Qf(2h) = c12h + O(h?). (3.18)
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Multiplying equation (3.17) by 2 and subtracting (3.18) from this result yields
f'(x) = (2Qf(h) — Qf(2h)) = O(K?).

Hence the difference formula

2Q4(h) — Qf(2h) = 2f(x +h})l —2f(x) _f(x +2;)l —f(x) _ —3f(x) +4f(x2—; 1) — f(x + 2h)

has a truncation error of order O (h?). This formula is equal to (3.6).

3.8 Summary

In this chapter, the following subjects have been discussed:

- Difference methods and truncation errors for the first derivative;

- The effect of measurement errors;

- Difference methods and truncation errors for higher-order derivatives;
- Richardson’s extrapolation:

- Practical error estimate;
- Increasing accuracy.

3.9 Exercises

1. Prove for f € C3[x — h,x + h], that the truncation error in the approximation of f’(x) with
central differences is of order O (h?).

2. Assume that the position of a ship can be determined with a measurement error of at most
10 meters, and that the real position of the ship during start up is given by the function
S(t) = 0.5at?, in which S is expressed in meters and t in seconds. The velocity is ap-
proximated by a backward difference with step size /. Give the truncation error and the
measurement error in this formula. Take a2 = 0.004. Determine h such that the error in the
calculated velocity is minimal. How large is the error?

3. In this exercise, the central-difference formula

2 12

f//(x) _ f(x_h) —2f(x)—|—f(x+h) hzf(4)(§), ge (x—h,x—l—h)

is used to approximate the second derivative of f(x) = sinx in x = 1. The computer, and
hence Matlab, uses finite precision arithmetic, and for this reason it computes perturbed
function values f(x). The rounding error in the function value is bounded by

~

f(x) = f(x)]
f ()]

in which eps is the relative machine precision (assume that eps = 10~

< eps,
16)'

(a) Give an upper bound for the total error (truncation error + rounding error) and mini-
mize this upper bound to find an optimal value for h.

(b) Take h = 1. Compute the true error in the approximation for f”/(1). Repeat this eight
times and divide & by 10 after every computation. Tabulate the results. Does the h for
which the error is minimal agree with the value found in question (a)? Remark: the
computations for this question have to be carried out using Matlab.
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4. Let the function f(x) = sinx,x € [0, 7] be given. Compute f'(1) by a central difference
with i = 0.1. Estimate the error by Richardson’s extrapolation.

5. Givenare f(x), f(x+h)and f(x + 2h). Derive a formula of maximal order to approximate

f1(x).
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Chapter 4

Nonlinear equations

4.1 Introduction

The pressure drop in a fluid in motion is examined. For a flow in a pipe with a circular cross
section of diameter D (meter), the Reynolds number, Re, is given by

D

Re = —U,
v

in which v (m/s) is the average flow velocity and v (m?/s) is the viscosity of the fluid. The flow is
called laminar if Re < 2100 (low flow velocity) and turbulent if Re > 3000. For 2100 < Re < 3000,
the flow is neither laminar nor turbulent.

For turbulent flows, the pressure drop between inflow and outflow is given by

pwLv?

Pout_Pin: ng ’

in which w is a friction coefficient, p (kg/m?>) is the fluid density, L () is the length and g (m/s?)
is the acceleration of gravity. If the fluid contains particles (sand, paper fibers), then the friction
coefficient w satisfies the equation

5.6

Jo k ’

in which k is a parameter known from experiments.

In this chapter, numerical methods will be discussed that can be used to determine w if the values
of Re and k are known.

4.2 Definitions

In this chapter, various iterative methods will be considered to solve nonlinear equations of the
form f(p) = 0. The point p is called a zero of the function f, or a root of the equation f(x) = 0.
First, some useful definitions and concepts are introduced.

Convergence

Each numerical method generates a sequence {p,} = po, p1, P2, - . - which should converge to p:
lim, 00 pn = p. Assume that the sequence indeed converges, with p, # p for all n. If there exist
positive constants A and « satisfying

lim 1P = Puial _ A, @.1)

n—eo |p— ppl*
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then {p,} converges to p with order « and asymptotic constant A.

In general a higher-order method converges faster than a lower-order method. The value of the
asymptotic constant, A, is less important. There are two important cases:

- a = 1: the process is linearly convergent. In this case A is called the asymptotic convergence
factor.

- & = 2: the process is quadratically convergent.

Theorem 4.2.1 Suppose that a sequence {pn,} = po, p1, P2, - - - satisfies |p — pn| < k|p — pu-1|, for
n=12,..,where0 < k < 1. Then lim,_,o py = p: the sequence is convergent.

Proof:
By induction,
: : n —
Jlim |p = pu| < lim K"|p —po| =0,
because k < 1. Hence p,, converges to p. X

Stopping criteria
Because an iterative method will be used to approximate p, it is necessary to specify when the
method should stop. Some examples of stopping criteria are listed below.

1. If the solution, p, is known, then |p — pu| < ¢ is the most useful stopping criterion. Since p
is not known in general, this criterion cannot be used in practice.

2. Two successive approximations can be used in the stopping criterion |p, — p,,—1| < &. How-
ever, for some methods, it is possible that |p, — p,—1| < ¢, whereas |p — p,| > e. In that
case the method stops at a wrong approximation of the solution.

3. Since p may be very large or very small, it is often more meaningful to consider the relative
error

Ipn=pual 36 20,
|pnl

4. Finally, the accuracy of p, can be determined by the criterion |f(p,)| < e. If this cri-
terion is satisfied, and the first derivative of f exists and is continuous in the neighbor-
hood of p, we can bound the error of the approximation. Using the intermediate-value
theorem, we know that |f(p) — f(pn)| = |f'(E)| - |p — pu| for some & between p and
pn. Since f(p) = 0 and |f(pn)| < €& we find that |f'({)| - |p — pu| < & By defining
m = min{|f’(¢)|, ¢ between p and py, } it follows that

\P—pn\<%, if m#0. (4.2)

Uncertainty interval

In numerical simulations, the exact function values, f(x), are often unknown. Instead, an ap-
proximation of the function values is used, which is denoted by f(x), in which | f(x) — f(x)| < &
Using the perturbed function, f, the zero of f cannot be determined exactly, as each point of the
setI = {x € ab]||f(x)| <&} canbe a solution.

The width of this uncertainty interval can be computed using that f(p) = 0 (p is the zero of f),
and assuming that x* is the zero of the maximally perturbed function f(x) = f(x) + &, such that

fxt) =0,

Linearization of f(x*) about p yields

0=f(x") =fx)+em f(p)+ (" = p)f(p)+E=(x" —p)f'(p) +&
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This means that f(x*) = 0 for )
g
xtap- )
Similarly, the zero of the function f(x) = f(x) — £is given by
X ~Rp+ L
f'(p)
The values x~ and x* form the bounds of interval I. Because f'(p) can be either positive or
negative, the general notation for the uncertainty interval is

E: Lk
PoTrml P IRO)

if f'(p) # 0. If | f'(p)| is close to 0, then finding the root of the equation f(p) = 0 is an ill-posed
problem.

I~

If e < g, then the stopping criterion | f(py)| < €is useless, because it is possible that the algorithm
continues, although p, € I.

4.3 A simple root finder: the Bisection method

The first method, the Bisection method, is based on the intermediate-value theorem. Suppose
f is a continuous function defined on an interval [a, b], where f(a) and f(b) have opposite sign
(which means that f(a) - f(b) < 0). Then, according to the intermediate-value theorem, there is
anumber p in (a,b) with f(p) = 0. The Bisection method divides [4, b] into two equal parts and
continues with the interval that contains p.

To begin with, let a9 = a, by = b. In general, a new approximation for the zero is computed by
an + by,
=T
If the chosen stopping criterion is satisfied, then the zero of f is found. If not, then a new interval
(@41, by41] is constructed using
ni1 = ap and b1 = ppif f(an) - f(pu) <0,
and

ay41 = pn and b, 1 = by otherwise.

Convergence

Note that this method always converges to a solution: lim,_, pn = p. In general, it converges
slowly, and it may happen that |p — p,,_1| < |p — pu|. The unconditional convergence makes
the Bisection method a useful method for computing a starting estimate for the more efficient
methods that will be discussed later in this chapter.

Theorem 4.3.1 Assume f € Cla,b]and f(a) - f(b) < 0. Then the Bisection method generates a sequence
{pn} converging to a zero p of f in which
b—a
lp—pul < PRSI n>0.

Proof:
Foreachn >0,b, —a, = (b—a)/2" and p € (ay, by). Since p, = (a, + by) /2 it follows that

b, —ay, b—a
p=pul = ——— =S
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4.4 Fixed-point iteration (Picard iteration)

A different way to compute the zero of a function, is the use of a fixed-point method. A fixed point
of a function g is a number p such that g(p) = p. In this section, a numerical method is presented
to approximate p.

The relation between zeros and fixed points can be explained using a function f that has a zero
p. Itis always possible to define a function g, for example, g(x) = x — f(x), such that the fixed
point of g is the zero of f. Note that g is not unique, for example, the fixed point of the function
g(x) = x—cf(x),c # Oisalso a zero of f. Conversely, if g(p) = p, then f(x) = x — g(x) vanishes
in p.
In the next theorem, sufficient conditions are provided for the existence and uniqueness of a fixed
point.
Theorem 4.4.1 Let g € Cla,b] and g(x) € [a, b] forall x € [a, b].

1. Then, g has a fixed point in [a, b] (Brouwer’s fixed-point theorem).

2. If, in addition, ' (x) exists for x € [a, b] and if there exists a positive constant k < 1 such that

g’ (x)| <k forall x € [a,b],
then the fixed point in [a, b] is unique (Banach’s fixed-point theorem,).

Proof:

1. If g(a) = a or g(b) = b, then g has a fixed point at one of the end points of the interval. If
this is not the case, then g(a) > a and g(b) < b since g(x) € [a,b]. Let the function h be
defined as hi(x) = g(x) — x. This function is continuous on [a, b], and furthermore, h(a) > 0
and h(b) < 0. From the intermediate-value theorem it follows that there is a p such that
h(p) = 0, hence p is a fixed point of g.

2. Suppose |g'(x)| < k < 1 and assume that there are two fixed points p and g with p < g. By
the mean-value theorem there exists a § € [p, ] such that
p—q
From this it follows that
P =4l = I8(p) = 8@ = 18'@)Ilp—ql < [p—4l,
which is a contradiction. Hence, p = g and the fixed point is unique. X

To approximate a fixed point of a function g, a starting value pg has to be chosen. For n > 1, p;
is determined by p, = ¢(p,—1). If the sequence converges to p and g is continuous, then

p = lim py = lim g(p,—1) = g(lim p,1) = g(p),

n—oo n—oo
hence p is a fixed point of g. This method is called fixed-point (or Picard) iteration.
Remarks

e Itis easily seen that each converging fixed-point method is at least linearly convergent.

e Close to the solution p, the error decreases as |p — py+1| = |§'(p)||p — pal- If |’ (p)|is small,
convergence will be fast, but if |¢’(p)| is only marginally smaller than 1, convergence will
be slow. If |¢'(p)| > 1 there is no convergence.

Note: if ¢’(p) # 0, then the process is linearly convergent, with asymptotic convergence
factor |¢'(p)|. If ¢'(p) = 0, then the process is higher-order convergent.
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o Note that k can be chosen as k = max,¢ (4 [§'(x)|-

e If the fixed-point iteration p, = g(p,_1) satisfies the conditions of Banach’s fixed-point
theorem (Theorem 4.4.1) and py and p are located in [4, b], then another stopping criterion
can be formulated. Note that form > n > 0,

|le - Pn‘ = \Pm —Pm-1+Pm-1—Pmi2+ .- -+ Pur1— pn|
< |pm = pm—al + [Pm—1 = P2l + -+ [Pus1 = pal-
Using the mean-value theorem and the fact that [¢'(x)| < k for all x € [a, b], we know that
[Pt = pal = 18(pn) = &(Pu-1)l < klpn — pual.
Applying this recursively, we find that

|le —Pn‘ < km_n“?n - pn—1| + ~'+k‘pn - Pn—l‘
= (k+...+K""")[pn — pu-al,

and, since lim p;,;, = p it follows that
m—00

, S, k
[p—pul = lim [pm — pu| < kigoklen = po-1l = g lpn = pual- (4.3)

This means that stopping criterion

1—k

|pn — pu—1] < €

implies that |p — pu| < e.
Example 4.4.1 (Picard iteration)

To determine the real zero of the function f(x) = x3 + 3x — 4 (which is p = 1), the function

S e~

T X243
can be used in the iterative process. This function is determined by the following steps:

fp) =00 p+3p—4=00p+3p=dop(p*+3) =dop= 77 =3s(p)
Using pn = g(pn—1) and starting with py = 0, we find the values as in the second column of
Table 4.1 (rounded to four decimals). Note that ¢’(x) = —8x/(x? + 3)?, and hence it can be
verified that |g/(x)| < 1/2 = k. Using the third and fourth column of Table 4.4.1, the validity
of equation (4.3) is shown: |p — pu| < |pn — pu—1|. Finally, the fifth column shows that indeed,
|p — pusal/|p — pnl = |¢'(p)| = 1/2 (remark after Theorem 4.4.1).

Figure 4.1 illustrates the iterative process. The line y = x is used for the transformation of

y=g(pu_1) tox = py.

Theorem 4.4.2 Suppose g € Cla,b], g(x) € [a,b], for x € [a,b], and |¢'(x)| < k < 1forx € [a,b].
Then the fixed-point iteration converges to p for each value pg € [a, b).

Proof:
Under the provided conditions, g has a unique fixed point p. From the mean-value theorem it
follows that

lp— pul = 18(p) — 8(pu-1)| = |8 (&)||lp — pn-1] < klp — pn—1|, where { is between p and p,,_1.

From Theorem 4.2.1 it follows that p, converges to p. X
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Table 4.1: Picard iteration p, = g(p,—1) corresponding to example 4.4.1.

n| pn | p=pal | Ipn—pual | [p—pul/lp— pu-l
0 0 1 - -
1| 1.3333 | 0.3333 1.3333 0.3333
2 108372 | 0.1628 0.4961 0.4884
3 | 1.0808 | 0.0808 0.2436 0.4964
27 ]
- _‘y —x ‘/./
LBl —y =3
1.6 7
8(po) " — ’
1.2 7
8(p2) a
g(ps) 1 v
g(pl)o 8 . -
0.6 7 ’
0.4 . o
0.2 e ’
ok’ ‘ ‘ ‘
0 05 1 15 2
Po p2 P3 P1

Figure 4.1: Fixed-point method, used to solve p = 4/(p? +3) = g(p). The iteration process is
marked by a bold line.

4.5 The Newton-Raphson method

The Newton-Raphson method is one of the most powerful and best-known numerical methods
to solve a nonlinear equation f(x) = 0. The method will be explained using a Taylor polynomial.

Suppose f € C?[a,b]. Let ¥ € [a,b] be an approximation of the root p such that f'(%) # 0, and
suppose that |p — %[ is small. Consider the first-degree Taylor polynomial about *:

x —%)2
£x) = () + (- 01/ (e) + B0

f1(@(x)), (4.4)

in which ¢(x) between x and x. Using that f(p) = 0, equation (4.4) yields

Because |p — %| is small, (p — £)? can be neglected, such that

0~ f(%)+ (p—%)f (%)

Note that the right-hand side is the formula for the tangent in (X, f(X)). Solving for p yields

f(x)
fr(x

prT—

~—



Chapter 4. Nonlinear equations 45

This motivates the Newton-Raphson method, that starts with an approximation py and generates
a sequence {p, } by
pn:pn,l—M for n>1.

f(pn-1)’
The graphical illustration is that p,, is the zero of the tangent in (p,,_1, f(p,—1)), which is depicted
in Figure 4.2.
Example 4.5.1 (Newton-Raphson method)

In this example, the positive zero of the function f(x) = x> — 2 will be determined using the
Newton-Raphson method. To six decimal places the exact result is p = v/2 = 1.41421. Note that
f'(x) = 2x, such that the method generates approximations using

(Pn71)2 -2
2pn-1

Starting with pg = 1.00000. .., the values p; = 1.50000..., pp = 1.41666...and p3 = 1.41421...
are calculated. This means that after only three steps, the solution is found to six decimal places.
The procedure for the first iteration is explained graphically in Figure 4.2.

Pn = Pn-1—

2 : :

— =22
151 = = = tangentin (1, —1) 1
I
0.5F
> 0
-0.5r
-1
-1.5¢
= 05

Figure 4.2: The Newton-Raphson method used to solve the positive zero of f(x) = x> — 2. The
zero of the tangent in (po, f(po)) is p1-

In the next theorem the Newton-Raphson iteration is considered as a fixed-point method.

Theorem 4.5.1 Let f € C%[a,b]. If p € [a,b] such that f(p) = 0 and f'(p) # O, then there exists
a d > 0, such that the Newton-Raphson method generates a sequence {p,} converging to p for each

po € [p—9, p+7]

Proof:
In the proof, the Newton-Raphson method is considered as a fixed-point method p, = g(p,—1)

with ()
80 =5 Py

In order to use Theorem 4.4.2, it is necessary to show that there exists a § > 0, such that g satisfies
the conditions of the theorem for x € [p — 4, p + J].
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o Continuity of g

Since f'(p) # 0 and f’ is continuous, there exists a 67 > 0 such that f'(x) # 0 for all
x € [p— 901, p+ 6&1]. Therefore, g is well defined and continuous for all x in [p — 61, p + d1].

e Derivative of g

The derivative of g is given by

(f'())? = f)f"(x) _ fOf"(x)
(f'(x))? (f'(x))?

Since f € C?[a, b] it follows that ¢’(x) is continuous: g(x) € C![p — é1, p + J1]. Note that
¢'(p) = 0because f(p) = 0. Since g’ is continuous, there exists a § < & such that

g(x)=1-

I (x)| <k<1 forall xe[p—95, p+4]

e Domain and range of g

Finally, we show that ¢(x) € [p—d,p+ ] if x € [p—6,p+]. Using the mean-value
theorem,

Ig(p) —g(x)] = |¢'(&)||p — x| for some & between x and p.
Since x € [p —J, p + d] it follows that |p — x| < J and |¢/(¢)| < 1, and hence,

1g(p) —g(x)[ < [p—x[ <.

Using Theorem 4.4.2, the sequence {p,} converges to p for each py € [p — 6, p + J]. This proves
the theorem. X

Quadratic convergence
The convergence behavior of the Newton-Raphson method can be computed by making use of
the following observation:

_ 2
0= £(p) = F(pa) + (9 — p)f (pu) + L £7(2,) for £ between py and p. (4.52)

The Newton-Raphson method is defined such that

0= f(pu) + (Pus1— pn)f (pn)- (4.5b)

Subtracting expression (4.5b) from (4.5a) yields

_ 2
(p—pun)f (o) + L2 g5 <o,

such that
P = pusal _ | f"(En)

lp—pal®> 12 (pn)

From equation (4.1) it follows that the Newton-Raphson method converges quadratically, with

a =2 and
f"(En) f"(p) ‘
2f'(pn) | 12 (P) |

A= lim
n—oo
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4.5.1 Variants of the Newton-Raphson method

In the Newton-Raphson method, the derivative f'(p,_1) should be computed. In order to cir-
cumvent this, several variations on the standard Newton-Raphson method will be defined. They
have the common form

f(pn-1)

pu = puo — TR, *6)
where K is an approximation of f’(p,—1).

Quasi-Newton method
The Quasi-Newton method takes

ko [Pt h})l —flpn)

where h > 0.

Secant method
The Secant method replaces f'(p,_1) by

g = f(Pn1) = f(Pu-2)
Pn—1— Pn-2

This method is derived in exercise 3.

Regula-Falsi method

The Regula-Falsi method combines the Newton-Raphson method with the Bisection algorithm.
Suppose that the interval [a,_1, b,_1] contains a zero of f, such that f(a,_1) - f(b,—1) < 0. Then,
approximation p;, is computed as follows:

by_1—a,_
pn:anfl_f(anfl)' i s

flbno1) — flan—1)

If the chosen stopping criterion is satisfied, then the zero of f is found. If not, then, similar to the
Bisection approach, the new interval [a,, by] is constructed by defining

ay = ay_qand by, = py iff(an—l) f(p”) <0,

and
a, = pn and b, = b,,_1 otherwise.

4.6 Systems of nonlinear equations

In this section, the theory will be extended to systems of nonlinear equations, which can be writ-
ten either in fixed-point form

gl(le . /Pm) = P1,
gz(Pl/‘ . /Pm) = PZ/

(4.7a)
gm(Plr .. /pm) == PTI’I/
or in the general form
;1EP11~- /Pm; - 0/
e =0,
AP pnd - (4.7b)

fm(pll"-/Pm).: 0.
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In matrix-vector notation, these systems can be written as g(p) = p and f(p) = 0, respectively,
where

P=(p1, . pm)’
g(p) = (g1(p1 - Pm)s- 8P pm)) T,
£(p) = (fi(p1r--- Pm)s- s fun(prs - pm)) -

As in the scalar case, an initial estimate for the solution is used to construct a sequence of suc-
cessive approximations, {p(”)}, of the solution, until a desired tolerance is reached. A possible
stopping criterion is ||p(") — p("~1|| < ¢, where ||x|| = \/x2 + ...+ x2, denotes the Euclidean

norm.

4

4.6.1 Fixed-point iteration (Picard iteration)

Similar to the scalar case, the fixed-point iteration approximates the solution to system (4.7a),
using

p" =g(p" ). (48)
To illustrate the use of the fixed-point method, the following example is given.
Example 4.6.1 (Picard iteration)

In this example, the following system of equations is solved:

2p1— p2tpl =4
(4.9)
—pt2ptp =5
It is easy to see that the solution equals (p1, p2) " = (1/3,2/3) . The Picard iteration uses
-1
2" = p Y =4,
-1
- 2p TR =
which can be written as
App =p o p = A1 (p"" Db, (4.10)

where

(n—=1) 1
- 24 -1 3

(n—1) P1 b= ( 9 ) .
A(p ) = ( 1 5 Péﬂfl) 193

If the initial estimate equals p(*) = (0,0) ", then the new approximation equals p!) = (5/9,1)".
Note that system (4.9) can be written as g(p) = p, with g(p) = A(p) ~'b.

4.6.2 The Newton-Raphson method

A faster iterative method to approximate the solution to system (4.7b) is the Newton-Raphson
method. Similar to the scalar case of the Newton-Raphson method, the successive approximation

is found by linearizing function f about iterate p("~1)

_ d _ n— d _ n—
f(p) ~ fi(p" 1>>+a—£11<p<" D) (p1 - pl ”>+...+a%;<p<" D) (pm — pi),

fu(p) = fu(p™ V) + %(pwxm ) e 2 0y g, pl ),
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Defining the Jacobian matrix of f(x) by

(x) 2 (x)
Jo=| .,
) on (x)

the linearization can be written in the more compact form

f(p) ~ £(p" ) +J(p" V) (p —p" V).
The next iterate, p"), is obtained by setting the linearization equal to zero:
f(p" ) +1(" ) (™~ p" ) =0, (411)

which can be rewritten as

Jp st = —£(pt" ), (412)
where s(") = p(") — p("=1)_ The new approximation equals p(") = p("~1) 4 s(1),
A fast way to compute p(™) uses equation (4.11):

p" =pU I —J () E(p ), (413)

If the computation of the partial derivatives in the Jacobian matrix is not possible, then the deriva-
tives can be approximated using, e.g., forward divided differences:

%(x) N f]-(x+ eh) — f](x)
Bxi h !

where e; is the ith unit vector. This is the Quasi-Newton method for systems. It is also possible to
use central differences to approximate the derivatives.

(4.14)

Example 4.6.2 (Newton-Raphson method)

In this example, the Newton-Raphson scheme is applied to the following system for p; and py:

{ 18p1 — 9pa+pi =0, (4.15)
—9p1+18p2+p3 =9,
with initial estimate p(®) = (0,0) .
System (4.15) can be written as f(p) = 0, where
filpip2) = 18p1— 9p2+pi,
f2(p1, p2) = —9p1 +18p2 + p3 — 9.
The Jacobian of £(x) is given by

(18425 -9
J(")_( 9 18+2x2)‘

Defining s(!) = p1) — p(0), equation (4.12) equals
J(p@)sM = —£(p?),
such that the following system has to be solved:
185 — o5l =0,
—9stt) 4 18s{1) — 9.
The solution equals s() = (1/3,2/3)T, such that p(l) = p(O) +s) = (1/3,2/3)T.



50

Numerical Methods for Ordinary Differential Equations

4.7

Summary

In this chapter, the following subjects have been discussed:

4.8

1.

Stopping criteria;

Rounding errors;

Convergence;

Bisection method;

Fixed-point iteration (Picard iteration);

Newton-Raphson method;

Quasi-Newton method, Secant method, Regula-Falsi method;

Systems of nonlinear equations: Picard iteration, Newton-Raphson method.

Exercises

Let f(x) = 3(x+1)(x —1/2)(x — 1). Use the Bisection method to determine p, on the
intervals [—2,1.5] and [—1.25,2.5].

. In this exercise, two different fixed-point methods are considered:

20py-1+21/p5_4 Pa_1—21
Pn = 71 and py = pp-1— W

Show that for both methods, (21)1/3 is the fixed point. Estimate the convergence speeds,
and determine pj if pg = 1.

. In this exercise, the Secant method is derived to approximate a zero of f.

(a) Suppose that pg and p; are two given values. Determine the linear interpolation poly-
nomial of f between pg and p;.

(b) Compute p; as the intersection point of this interpolation polynomial with the x-axis.
Repeat this process with p; and p; to obtain p3, and derive a general method for com-
puting p, from p,,_, and p,_1 (Secant method).

(c) Perform two iterations with this method using the function f(x) = x? — 2 with pg = 1
and p; = 2.

. Consider the function f(x) = x — cosx,x € [0,71/2]. Determine an approximation of the

zero of f with an error less than 10~# using the method of Newton-Raphson.

. Perform two iterations with the Newton-Raphson method with starting vector (1,1)" to

solve the nonlinear system
x% —xp —3=0,

—x1+x3+1=0.

Compare the approximation with the solution (2,1)".



Chapter 5

Numerical integration

5.1 Introduction

Determining the physical quantities of a system (for example volume, mass, or length) often
involves the integral of a function. In most cases, an analytic evaluation of the integral is not
possible. In such cases one has resort to numerical quadratures.

As an example, we investigate the production of a spoiler that is mounted onto the cabin of
a truck (Figure 5.1). The shape of the spoiler is described by a sine function with a 27r meter
period. The aluminium spoiler is made out of a flat plate by extrusion. The manufacturer wants
to know the width of the plate such that the horizontal dimension of the spoiler will be 80 cm.
The answer to this question is provided by the arc length of the curve

x(£)=t,
y(t)=sint, 0<t<0S8.

Numerical
Integration

O OO

Length

Height

Figure 5.1: Truck with spoiler on the cabin.
To determine the arc length the formula

0.8
_ dy\* ] >
l_O/ 1+(E> dt_o/ 1+ (cost)?dt

is used. However, this integral cannot be evaluated in a simple way. In this chapter, numerical
integration methods will be investigated in order to determine the arc length.



52 Numerical Methods for Ordinary Differential Equations

5.2 Riemann sums

To begin this chapter, the definition of an integral is recalled.

Definition 5.2.1 (Integral) A partition Py, of [a,b] is a finite number of distinct points xy such that
a=xy) < x1 < - < x, = b Next, Ty is defined as a set of intermediate points t; such that
X—1 < tx < xp. The length of an interval is denoted by hy = xi — xy_1 and the mesh width by
m(Py) = maxy <x<,{hi}. The Riemann sum for a function f € Cla, b] is defined as

R(f, P, Ty) = k}fhkfuw.
=1

Let a sequence of partitions, Py, P,, . . ., and corresponding Ty, Ty, . . ., be given, such that nlglgo m(Py) = 0.

We call f Riemann integrable over [a, b] if
b
R(f,Pn, Tn) convergestoalimit I = /f(x)dx.
a

Riemann sums are usually used to study integrability theoretically, but they are not very useful
in practice. Numerical integration rules have a similar structure to Riemann sums:

I= Y wif(h).

k=0

Here, t; are called the integration points, and wy are the corresponding weights. Numerical inte-
gration rules are also called quadrature rules.

5.3 Simple integration rules
In this section, the integration of a function f over a single interval [x, xg] will be considered.

Several simple integration rules will be presented, together with their approximation errors. The
effect of rounding errors will also be considered.

5.3.1 Rectangle rule

The most simple integration rule is called the Rectangle rule. Two different versions exist:

[ i~ (e —x)f (), and [ plde (=0 flee),

which use the left and the right end point of the interval, respectively.

Theorem 5.3.1 Let f € Cllx, xg], and my = MaXye|y, g | ()] Then

1
< Eml(xR - XL)Z,

[ peox = e =3 fx)

1
< Eml(xR —xp)2

[ g (o= ) )

Proof:
The proofs for the left and the right Rectangle rule follow the same structure. Therefore, only the
left Rectangle rule will be considered. Using a Taylor expansion, we know that

flx) = flxr) + (x —x1)f'(E(x)) with(x) € (xr,xR).
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Integrating over [x, xg| yields

[ Fdx = [{FGr) + (= x) @D x = (e —x0) fxe) + [ (x = x0)f (§(0)x.

Since (x — x) > 0, the mean-value theorem for integration can be used, which means that there
exists an 1 € [xr, xg] such that

XR XR 1
/ f(x)dx = (xg — x1) f(x) = f'(1) / (x = xp)dx = /(L) - 5 (xr — x1)
XL XL
Taking the absolute value on both sides and using m; completes the proof. X

5.3.2 Midpoint rule

The Midpoint rule uses the integration point x; = (x; + xg)/2, which leads to

XR
/x f(x)dx ~ (xg —x) f(xm)-
L
This rule is more accurate than expected at first sight.

Theorem 5.3.2 Let f € C?[x, x|, and my = MaXye|y, xg] |/ (x)]- Then

[ Fo)d — (xr = xe)f(xan)| < gpmaln — 30,

Proof:
Using Taylor series,

flx) = flam) + (x = xm) f'(xm) + %(x —xm)?f"(E(x)), with &(x) € (x1, xr).

Integrating over [x, xg| yields

[ s = [ (Fr)+ (= 3 o)+ 5= 0 27E) )
= (e —xe)f o) + 5 [ ()€

Since (x — xp1)? > 0, the mean-value theorem for integration can be used, which means that there
exists an 7 € [xp, xg] such that

"XR

[ pds = e =) ) = 377 0) [

(x — xp)2dx.
L

Using the definition of x, it follows that

[ pd = G = ) ) = ") = 0

Taking the absolute value on both sides and using m; completes the proof. X
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5.3.3 Trapezoidal rule

In the Trapezoidal rule, the linear interpolation polynomial on interpolation nodes x;, and xp is
used to approximate the integral of f € C[xy, xr] (see Section 2.2). This polynomial is given by

Li(x) = flx) + fxr)-

_XR—XL XR — XL

XR — X X — XL,

The corresponding approximation of the integral is given by

[ Fax = [ Ly = ) + fxw)) G1)

L

This approximation is called the Trapezoidal rule, since (5.1) equals the area of the trapezium with
vertices (x1,0), (xg,0), (xgr, f(xr)) and (xr, f(x1)).

Theorem 5.3.3 Let f € C?[x, xg], and my = MaXye|y, xg] |/ (x)]- Then

[ 0y = 2 E () + flxw))| < gmaler - )

Proof:
From Theorem 2.2.1 it follows that linear interpolation through (xp, f(x1)) and (xg, f(xr)) has a
truncation error

f(x) = Li(x) = %(x —x)(x = xp) f"((x)), with &(x) € (xp, xR).- (5.2)
Integrating both sides of equation (5.2) yields
[ Fdx = B () + ) = 5 - x) - xR E @) 6

Because (x — x1)(x —xg) < 0 for x € [xr,xgr], the mean-value theorem for integration can be
used, and there exists an 7 € [x[, xg| such that

3 [ = x) =) E )y = ") [ (=) (v = v = — 55 £ () (v — x0)°. (54

Using equation (5.4) in equation (5.3), taking the absolute value and using m, completes the
proof. X

5.3.4 Simpson’s rule

Using a quadratic interpolation polynomial with interpolation nodes xy, xp = (xg — x1)/2, and
xR, the Simpson’s rule can be derived. The integral of f is approximated by

[ plade T (x0) +4f o)+ f(x0))

The corresponding remainder term will be presented without proof.

Theorem 5.3.4 Let f € C*[x, xg] and my = MaXy ey, ] |f &) (x)], then

[ Fladx = EZEE () + 4 (o) + ()| < e — 31",
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5.4 Composite rules

The integration rules that have been presented in Section 5.3 usually generate errors that are
larger than the required accuracy allows. In this section, more accurate approximations will be
obtained by applying a composite integration rule.

The integral of f € Cla, b] will be approximated using a subdivisiona = xp < x3 < ... < x, = b,
withxy =a+kh, k=0,...,n,and h = (b —a)/n. Using that

/abf(x)dx - /01 Flx)dx+ /12 Fx)dx+--+ /1 F(x)dx,

the integration rules of Section 5.3 can be applied on each subinterval [x_1, x¢|. Here, x; = x;_1,
xg = X, and xp; = (xx_1 + x¢)/2. If [} is an approximation of the integral fx];k_l f(x)dx, for
k=1,...,n, then the integral over [a, b] can be approximated by

n

/'b fdx =Y [ foden Y L= 1.
Ja k=1 k=1

=17 %k-1

In the following theorem, an upper bound for the remainder term of a composite rule will be
considered.

Theorem 5.4.1 Let f be given on [a,b], and let a = xg < x1 < ... < x5 = b, with x, = a+kh,
and h = (b —a)/n. Let Iy be an approximation of the integral fx];k_l f(x)dx, k = 1,...,n. Assume
that the absolute value of the remainder term of Iy has upper bound cy - WP+, with p € N. Define
c =max{cy,...,Ccn}, then

./H.bf(x)dx - I‘ <c(b—a)h’.

Proof:
Using the triangle inequality,

‘/ahf(x)dx—l‘: gé :

[ sz

é </x::f(x)dx — Ik)

Using the remainder term for each Iy, yields

b n n
‘/ f(x)dx—l‘ <Y qhttt< Y chPt =con-nPtL
a k=1 k=1

Finally, we use that n - h = b — a to arrive at the given upper bound. X

In the remainder of this section, the integration rules of Section 5.3 will be extended to their
composite rules in order to approximate | ah f(x)dx.

Rectangle rule
The left and right composite Rectangle rules are given by

n—1
IL:thf(xk) =h(f(a)+ fla+h)+...+ f(b—h)),
=0

Ix :hkff(xk) =h(fla+h)+fla+2h)+...+ f(b)).
=1
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From Theorem 5.3.1 it follows that for each interval [x; 1, Xk, cx = maxye[y, , x,] [f'(x)]. Defining
M; = maxye[qp |f (x)| = max{cy, ..., cn}, the corresponding upper bounds for the remainder
terms are (use Theorem 5.4.1)

b

/f(x)dx— I| < %Ml(b—a)h,

a
b

/f(x)dx— Ig| < %M1(b—a)h.

a

Midpoint rule
The composite Midpoint rule is given by

IMzhif("“f”k) :h(f(a+%h)+f(a+gh)+...+f(b—%h)).

Defining My = max,c[,5] |f”(x)|, the upper bound for the remainder term (use Theorems 5.3.2

and 5.4.1) is
b

[ Flodx—

a

1 2
< — — .
< ogMa(b—a)h

Trapezoidal rule
For the Trapezoidal rule, the composite version is

with remainder term (use Theorems 5.3.3 and 5.4.1)

b

/f(x)dx — Iy

where, again, My = maxyc(q |/ (x)]-

1 2
< _
< 12M2(b a)h P

Simpson’s rule
The repeated Simpson’s rule is given by

to = 1 (Flren) +4f (5555 o ) )

k=1
= (G + S5t g0+ 3@ m + 3+ 3m+w S0 0+ 1 0)),

with remainder term
b

[ Flodx—1s

a

< - _ 4
< 2880M4(b a)h*,

with My = max,¢qp) |F®) (x)].
Remarks

e As a consequence of the error estimates, the Rectangle rules are exact if f is a constant, the
Midpoint and Trapezoidal rule are exact for linear polynomials, and Simpson’s rule is exact
for polynomials of degree 3.
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e The remainder terms of the composite Midpoint and Trapezoidal rule are of order O(h?),
whereas the Rectangle rules have remainder terms of order O (/). The composite Simpson’s
rule has a remainder term of order O(h*). The Rectangle, Midpoint and Trapezoidal rules
all require the same amount of work. Among these, the Midpoint and Trapezoidal rules are
clearly preferred. The composite Simpson’s rule needs twice as many function evaluations,
but converges faster.

e Note that the upper bound for the error of the Trapezoidal rule is twice as large as the
bound for the Midpoint rule.

e The composite Trapezoidal rule may also be interpreted as the integral of the linear spline
approximation of f. Suppose s is the linear spline approximation of f ina = xq,...,x, = b.

Then the composite Trapezoidal rule computes It = | ab s(x)dx.
Example 5.4.1 (Spoiler)

For the example mentioned in the introduction, the length of the flat plate should be approxi-

mated with an error of at most 1 cm. Defining f(#) = /1 + (cos t)?, this length equals 00'8 f(t)dt.
Applying the composite left Rectangle rule, the upper bound for the remainder term equals

[ rwa-n

where My = max;c[og] |f'(t)|. The derivative of the integrand is given by

< %Ml -0.8h,

F(t) = —costsint —%sinZt
1+ (cost)2  \/T+ (cost)?

From this it follows that .
O] < 5 = M.

Requiring that the error is smaller than 1 cm, /& should be chosen such that

%Ml -0.8h < 3 -0.8h < 0.01.

Step size h = 0.05 meets this requirement.

The exact value of the integral equals 1.0759354360688...m. For h = 0.05, the composite left
Rectangle rule computes 1.0807 m, hence the error is, in fact, less than 1 cm.

In Table 5.1 the errors are tabulated for different values of the step size h. Because the Rectangle
rule is O(h), we expect that by halving 5, the error of the Rectangle rule decreases by a factor
2. The results are in agreement with these expectations. Similarly, the Midpoint rule and Trape-
zoidal rule errors decrease by a factor 4, as expected because the methods are O(h?). Finally, the
Simpson’s rule errors decrease by a factor 16, because the method is O (h*).

Table 5.1: The error ’ f00.8 f(t)dt —I| for f(t) = \/1+ (cost)?, using different composite integra-
tion rules I.

h | Left Rectangle rule | Midpoint rule | Trapezoidal rule | Simpson’s rule
0.8 5.5435 - 102 1.1698 - 102 2.2742-1072 2.1789-10*%
0.4 3.3567 - 102 2.7815-103 5.5221-1073 1.3618-10°
0.2 1.8174-102 6.8643 - 102 1.3703-1073 8.4852-10~7
0.1 9.4302-1073 1.7105-10~% 3.4194-10~* 5.2978-108
0.05 4.8006-103 4.2728-10° 8.5445-107° 3.3102-107°
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5.5 Measurement and rounding errors

Measurement and rounding errors can play an important role in numerical quadrature rules.
In this section, this error behavior will be investigated. Therefore, we assume that the function
values are perturbed by an error ¢ > 0, such that

f(x) = f(x)] = e(x).
Defining émax = max,¢ [, €(x) it follows that

b

b
[(r@ = f) x| < [1£0) = fx)ldx < emax(b — ).

a

Next, the integral is approximated with an integration rule using the perturbed values. In this
derivation, the composite left Rectangle rule will be used. The difference between the exact inte-

gral, 7 = f Hb f(x)dx, and the perturbed approximation, i 1, can be bounded by
|I—iL‘ = ‘I—IL—FIL—fL‘ < |I—IL|—|-|IL—fL|

n—1 n—1
hY f(x) _h];)f(xk)

=|T-1I|+
k=0

n-1 n—1
<I|T-1 +hkz 1f(xe) — f(x)| = |T — I, +hsz(xk)~
=0 =0

Assuming ¢(x) < emax, the total error for the composite left Rectangle rule is

b

n—1
/f(x)dx— I < %Ml(b —a)h+h ) €max
a k=0

1 1
= EMl(b - a)h +h-nemax = (EMlh +Smax) (b - a)/

where M; = max,c[,5 |f'(x)|. Note that it is useless to take  any smaller than 2emax/ M,
because then the measurement error dominates the total error.

Note that this derivation is specific for the composite left Rectangle rule. Similar error estimates
can be derived for the Midpoint, Trapezoidal and Simpson’s rule.

Example 5.5.1 (Spoiler)

The computation of the length of the flat plate can be perturbed assuming a small manufacturing
error. Consequently, the integrand contains a rounding error ¢(x) = 10~>. In Figure 5.2, the effect
of rounding errors can be seen for different values of 1 (using the composite left Rectangle rule).
It turns out that the total error remains larger than 0.8 x 10~°. It serves no purpose to take the
step size smaller than 4eyax = 4 - 1073.

Conditioning of the integral

The numerical approximation of an integral 7 is either a well-conditioned or an ill-conditioned
problem. If emax is an upper bound for the relative error (different from emax for the absolute
error), then the absolute error in the function values is bounded by the inequality

|f(x) = ()] < 1£(x)]emax.
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10 :
= = = Without rounding errors
— With rounding errors
102 1
8
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107 1
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Figure 5.2: The errors } fOO'S f(t)dt — IL} (without rounding errors) and ‘ fOO'S f(t)dt — I | (with

rounding errors) for f(t) = /1 + (cost)?, using e(x) = 1073, and the composite left Rectangle
rule.

In that case, an upper bound for the relative error in the integral is given by

b b b
Jfxdx— [ f(x)dx| [ |f(x)]dx
‘ b : < ah * €max-
aff(x)dx {f(x)dx
The value ,
J1f(x)|dx
K7 = ”bi
;[f(x)dx

is called the condition number of the integral Z. If K7 - €émax = O(1), then the determination of 7 is
ill conditioned: the relative error in the computed integral is of order O(1).

Example 5.5.2 (Profits)

The profits or losses per day of a car manufacturer depend on the season. The following profits
formula (in billions of $) are assumed:

Wspring (1) = 0.01 + sin (nt - g) , t €[0,1], and wyy () = 0.01 + sin (mf + g) ,te[0,1].

The total profits in spring (Wspring) and fall (W) equal

1 1
Wspring = / wspring(t)dt =001, Wgp= / Zl)fall(t)dt =0.01,
0 0

which equal 10 million $.



60 Numerical Methods for Ordinary Differential Equations

The composite left Rectangle rule using i = 0.02 approximates Wspring with —0.01 and We,;; with
0.03. The composite Midpoint and Trapezoidal rule obtain the exact results for & = 0.02.

Note that

1
Wopring = [Wepring| = 0.01 and / [Wspring (1)]dt = 0.64.
0

Therefore, the condition number of Wypring equals Kz = 64. If the function values only have
an accuracy of two digits, then emax = 0.005. This means that K7 - €émax = 0.32, such that the
determination of the integral is an ill-conditioned problem. In the worst case, no digit of the
approximation is correct.

5.6 Interpolatory quadrature rules *

Subsequently, quadrature rules based on higher-order interpolation will be discussed. Newton-
Cotes quadrature rules will be considered as a particular case. In this section, integration over a
single interval [x], x| will be considered.

General quadrature rules
Let xq,...,xNy € [x1,xgr]. Let Ly be the Lagrange interpolation polynomial of f at the nodes
Xo, - .., XN, as defined in Section 2.3, equations (2.7) and (2.8). Then

XR XR XR N N
| e [Ty = [T feLav(xdx = ) wef(x),
L L L =0 (=0
using the weights
XR
wy = /L£N<x)dx/ (5.5)
XL

which do not depend on f.

Theorem 5.6.1 Let x,...,xy € [x,xR], and let f be a polynomial of degree at most N. Then every
N + 1-point quadrature rule based on interpolation is exact for f:

XR N
[ Fdx = Y- wif(xo).
4 =0

Proof:
From Theorem 2.3.1 it follows that f coincides with its Lagrange interpolation polynomial on
[x1, xgr], and hence,

7f(x)dx = 7LN(x)dx

Conversely:
Theorem 5.6.2 If xq, ..., xn and wy, ..., wy are given and if

XR

N
/P(x)dx =Y wip(x)
=0

XL

holds for all polynomials p of degree at most N, then Z?]:o wy f(x¢) is the quadrature rule based on inter-
polation for f;LR f(x)dx.
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Proof:
Let Ly be the interpolation polynomial of f on the nodes xy, ..., xn. Then, by definition,

R N N
[ Ln)ds = Y wiln(x) = Y wif(xe),
XL (=0 (=0

and equation (5.5) uniquely determines the weights wy, ..., wy.
Note that the verification for Ly is already enough to prove the theorem. X

The following theorem can be used to compute remainder terms for interpolatory quadrature
rules. The proof of this theorem will be omitted, and can be found in [9].

Theorem 5.6.3 Let | ;LR f(x)dx be approximated by the integration of the Lagrange interpolation poly-
nomial Ly. Then there exists a § € [xr, xg] such that the remainder term of the approximation satisfies:

if N is even and f € CN*2[x, xg]:

L\ N+3
= Cn (xR XL> FN(E) with

/;:R f(x)dx — /;:R Ly (x)dx

N
LN
Cn = (N—|—2)v0/t2(t_1)"'(t—N)dfr

Remarks

o As a result of the theorem, interpolatory quadrature rules integrate polynomials up to de-
gree N 41 (if N is even) or N (if N is odd) exactly.

o Composite interpolatory quadrature rules are found by repeating the interpolation on sub-
intervals, as has been explained in Section 5.4.

Definition 5.6.1 (Newton-Cotes quadrature rules) If x; = xo < x1 < ... < xy = xg and the
nodes are equidistantly distributed, then the sum Y0, wf (x,) is called the Newton-Cotes quadrature

rule for f;LRf(x)dx.

The Trapezoidal rule (Section 5.3.3) uses linear interpolation in the nodes x; and xg. This means
that the Trapezoidal rule is a Newton-Cotes quadrature rule with N = 1. Similarly, the Simpson’s
rule (Section 5.3.4) uses quadratic interpolation in the nodes x, (x; + xg)/2 and xg: this is a
Newton-Cotes quadrature rule using N = 2. Indeed, the error terms of the Trapezoidal and the
Simpson’s rule correspond to Theorem 5.6.3.

Newton-Cotes quadrature rules of higher order are rarely used: negative weights will occur and
that is less desirable.
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5.7 Gauss quadrature rules *

In the previous section, quadrature rules have been derived by choosing the nodes xo, ..., xy
beforehand and subsequently determining the weights wy, ..., wy. These weights are computed
by integrating the polynomial that interpolates f on the nodes x;, £ = 0,..., N. These rules
integrate polynomials up to degree N (or N + 1) exactly.

Alternatively, the weights and the nodes can be determined together, in such a way that polyno-
mials of a degree as high as possible will be integrated exactly. The 2N + 2 unknown values of wy
and x; can be used to generate a system of 2N + 2 nonlinear equations such that the polynomi-
als 1, x,...,x2N*1 are integrated exactly. It can be shown that this system has a unique solution.
The resulting quadrature formulae are called Gauss quadrature rules. The following illustration
explains the computation of a two-point Gauss quadrature rule. Subsequently, the general ap-
proach will be explained. In the derivation, the interval [—1, 1] is used. The procedure for general
intervals [x, xg| will be treated later on.

The two-point Gauss quadrature rule requires weights wy, w1, and points xp, x1 such that the
quadrature formula

[ $)x  wof (o) + i)

computes the exact result when f is a polynomial of degree at most 3. Using f equal to 1, x, x*
and x3 consecutively, this means that wp, w1, xg and x; must satisfy

f(x)zl = Wy +w, = f]dx =2,
fx)=x = wexg +wix;= [ xdx =0,

-1

1
fx)=x* = wexd +wxi= [x%dx=13,
21

1
flx)=x3 = wox(()3) +wix} = [ x3dx=0.
s

By symmetry of the equations, wy = w1, and therefore wy = w1 = 1. Then it follows that

V3 V3

Y0=—3 =

hence the quadrature formula becomes

/jlf(x)dx ~ f <_?> T f (?) .

For Gauss quadrature formulae, the integration limits are always taken equal to x; = —1 and
xr = 1. Consequently, Gauss quadrature rules have the following general form

1 N
[ fodx Y wefx) = I,
- =0

in which the 2N + 2 parameters x;, and wy, £ = 0,..., N are such that

1 N .
/ x]dx:ngx]F,j:O,~~~,2N+1
J-1 =0
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Table 5.2: Weights and integration points for Gauss quadrature rules.

[N | Xy [ w |
0 0 2
1 —1V3 1
13 1
2 115 :
0 9
5V15 5
3 | —£1/525+70v/30 | (18 —/30)
—21/525 — 70v/30 | (18 ++/30)
21/525 —70v/30 | 2 (18 + 1/30)
2=1/525+70v/30 | (18 — /30)

holds. Tables with Gauss integration points and corresponding weights can be found in many
text books on numerical analysis. In Table 5.2, the values are given for the first four Gauss quadra-
ture rules. Note that the Gauss quadrature rule for N = 0 corresponds to the Midpoint rule.

In order to integrate a function numerically over an arbitrary interval [x,xg| using a Gauss
quadrature rule, the interval of integration has to be transformed to [—1,1]. This change of inter-
val is achieved by linear transformation using

"XR _XR— XL 1 XR — XL Xp + XRr
./XL Fly)dy = 2= /f( o 22 )dx. (5.6)

J—1

Replacing the latter integral by a Gauss formula yields

*R g —xp & XR — X Xp+x
xL (=0

The integration points x; correspond to the Gauss integration points as tabulated in Table 5.2.

If f € C?N*2[x;, xg], then the N + 1-point Gauss quadrature rule has the remainder term

R XR = X & XR — X Xp +x Xo — x;)2N+3 )4
_/XL fly)dy — R2 LE)Wf< R2 Ly, + LJZF R> _ ?ZNi):%)((zzi;i;r)!l))3) FEN42) (@),

with ¢ € (xr,xr). This formula shows that Gauss integration rules are indeed exact for polyno-
mials up to degree 2N + 1.

Remark
Composite Gauss quadrature rules are found by repeating the Gauss quadrature rule on subin-
tervals, as has been explained in Section 5.4.

Example 5.7.1 (Polynomial)

In this example, the value of fll's y’dy will be approximated. The exact value of the integral
equals 3.07861328125. Using a change of interval as in equations (5.6) and (5.7), the integral is

approximated by
N

1.5
/ Fy)dy ~0.25 Y w,f(0.25x, +1.25),
1 =0

where f(y) = y”, and x; are the Gauss integration points.
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In Table 5.3, the errors are shown for different values of N. As expected, the 4-point Gauss
quadrature rule (N = 3) gives the exact result. Note that also for smaller numbers of integration
points, the Gauss quadrature rule is very accurate.

Table 5.3: The error ‘ J; 11'5 y’dy — Ig|, using different N + 1-point Gauss integration rules I.

N[ [ y7dy —Ig|
0 6.9443-107!
1 1.1981-102
2 24414-107°
3 0

5.8 Summary

In this chapter, the following subjects have been discussed:

- Riemann sums;

- Simple integration rules (left and right Rectangle rule, Midpoint rule, Trapezoidal rule,
Simpson’s rule);

- Composite rules;

- Measurement and rounding errors;

- Interpolatory quadrature rules;

- Newton-Cotes quadrature rules;

- Gauss quadrature rules.

5.9 Exercises

1. In this exercise, the integral

1
/((le)3 +0.001)dx
e

should be computed.

(a) The relative rounding error in the function values is less than . Determine the relative
error in the integral due to the rounding errors.

(b) Use the composite Midpoint rule and e = 4 x 1078, Give a reasonable value for the
step size h.

2. Determine fol 5 x*dx with the Trapezoidal rule. Estimate the error and compare it with the
real error. Also compute the integral with the composite Trapezoidal rule using step size
h = 0.25. Estimate the error using Richardson’s extrapolation.

3. Calculate | 11'5 x”dx with the composite Trapezoidal rule using two equal intervals and with
the Simpson’s rule. Compare your results with the results for Gauss quadrature rules as
tabulated in Table 5.3.



Chapter 6

Numerical time integration of
initial-value problems

6.1 Introduction

An initial-value problem usually is a mathematical description (differential equation) of a time-
dependent problem. The conditions, necessary to determine a unique solution, are given at the
starting time, ¢, and are called initial conditions.

As an example, we consider a water discharge from a storage reservoir through a pipe (Fig-
ure 6.1). The water is at rest until, at fy = 0, the latch is instantaneously opened. The inertia of
the water causes a gradual development of the flow. If this flowing water is used to generate elec-
tricity, then it is important to know how long it will take before the turbines work at full power.

Figure 6.1: The storage reservoir, the drain pipe and the latch in closed position.

This process is described by the nonlinear initial-value problem

{ %:p(t)—mf, £>0,
q(0)=0.

6.1)

In this problem, q(m?3/s) is the mass flow rate, p is the driving force, which is equal to

M and measured in N/m =m3/s?
density kg /m3

7
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and aq? is the friction. The driving force depends —among other things— on the water level in the
reservoir. Assuming that p(t) is constant (p(t) = py), a solution in closed form is known:

a(6) = /22 e 7).

For general functions p, an analytic solution cannot be obtained. In that case, a numerical method
must be used to approximate the solution.

6.2 Theory of initial-value problems

In this section, a short summary of the theory of initial-value problems will be presented. Before
applying a numerical method for solving an initial-value problem, it is important to make sure
that:

e The initial-value problem has a solution;
e The solution to the initial-value problem is unique;

e The solution changes continuously when the parameters in the differential equation or the
initial conditions are slightly perturbed.

A theorem about these issues uses the concepts of a well-posed initial-value problem (see also
definition 1.6.1) and Lipschitz continuity.

Definition 6.2.1 (Well posedness) The initial-value problem

{ W f(t,y), a<t<b,
y(

a)=Ya

(6.2)

is called well posed if the problem has a unique solution, that depends continuously on the data (a, y, and

f)-

Definition 6.2.2 (Lipschitz continuity) A function f(t,y) is called Lipschitz continuous in y on a
set D C IR?, if there exists a constant L > 0 such that

[f(ty1) — f(ty2)| < Lly1 —yal, forall (t,y1), (t,y2) € D.

The constant L is called the Lipschitz constant.

The following theorem yields a sufficient condition for a function to be Lipschitz continuous. The
proof uses the intermediate-value theorem.

Theorem 6.2.1 If the function f is differentiable with respect to the variable y, then Lipschitz continuity
is implied if

‘%(t,y)‘ <L, forall (t,y) € D,
for some L > 0.

The following theorem presents a sufficient condition for an initial-value problem to be well
posed. The proof can be found in many text books on differential equations, for example in
Boyce and DiPrima, [4].

Theorem 6.2.2 Suppose that D = {(t,y)|a <t < b, —oc0 <y < oo} and that f(t,y) is continuous on
D. If f is Lipschitz continuous in the variable y on D, then the initial-value problem (6.2) is well posed.
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6.3 Elementary single-step methods

In contrast to the example in Section 6.1, for many initial-value problems it is impossible to deter-
mine a solution explicitly. Although there are generally applicable techniques to find qualitative
properties of the solution, these properties usually provide insufficient quantitative information.
For that purpose, numerical methods are designed to approximate the solution. Most numerical
methods are designed for first-order initial-value problems. Numerical time-integration methods
that can be applied directly to higher-order initial-value problems do exist but are not treated in
this book.

In this section, several methods will be presented that can be used to approximate the solution to
the initial-value problem based on the scalar first-order differential equation

{ ¥ =f(ty), t>t,
y(to) = yo-

Therefore, it is illuminating to consider the slope field generated by the differential equation. A
differential equation is a rule that provides the slope of the tangent of a solution curve at each
point in the (f, y)-plane. A specific solution curve is selected by specifying a point through which
that solution curve passes. A formal expression for the solution curve through a point (¢, yo) is
generated by integrating the differential equation over ¢:

y(t) =y(to) + /t: f(t,y(t))dr.

Because the unknown function y appears under the integral sign, this equation is called an in-
tegral equation. Although the integral equation is as difficult to solve as the original initial-value
problem, it provides a better starting point for approximating the solution.

In order to approximate the solution to the integral equation numerically, the time axis is divided
into a set of discrete points t, = ty +nAt,n = 0,1, .... The solution at each time step is computed
using the integral equation. Assume that the solution to the differential equation at time ¢, is
known, and denoted by y, = y(t,). Then, the solution at ¢, is equal to

tpy1

Y1t =Ynt | f(t,y(t))at. (6.3)

n

The numerical time-integration methods that are presented in this section can be characterized
by the approximation of the integral term |, ttn"“ f(t,y(t))dt: different numerical quadrature rules

(Chapter 5) can be used. Because integral equation (6.3) only considers one time interval [t,, t,41],
these numerical methods are called single-step methods. Multi-step methods, which may also use
to, - .., ty,—1, will be described in Section 6.11.

The numerical approximation of the solution at t,; is denoted by w,, n = 0,1, ..., where wy = yp.

Forward Euler method

First, the Forward Euler method will be presented, which is the most simple, earliest, and best-
known time-integration method. In this method, an approximation of the integral in equation
(6.3) is obtained by using the left Rectangle rule (Figure 6.2(a)):

Y1 = Yn + (tas1 — tn) f(tn, Yn)- (6.4)

Note that f(t,y,) is the slope of the tangent in (f,,y,). The numerical approximation of the
solution at ¢,,41, denoted by w;, 11, is computed by

Wypt1 = Wy + Atf(tn, wn)/ (65)
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55 : 55
fltur1,Yns1) f(tni1,Yny1)
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|
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i 45 i 45
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(a) Left Rectangle rule (b) Trapezoidal method

Figure 6.2: Two different approximations of the integral |, ttn"“ f(ty(t))dt.
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Figure 6.3: Approximation of solution using the Forward Euler method.

in which f(t,, wy) is the slope of the tangent in (t,,w;,). This procedure leads to a sequence
{tw,wn}, n = 0,1,... of approximation points. Geometrically this represents a piecewise-linear
approximation of the solution curve, the Euler polygon, see Figure 6.3.

Because w11 can be computed directly from equation (6.5), the Forward Euler method is called
an explicit method.

Backward Euler method
The Backward Euler method is obtained by using the right Rectangle rule to approximate the inte-
grals. At time ¢, 1, the solution is approximated by

[ES]
Yn+1 :]/n"‘/t f(ty())dt =y + Atf(tns1, Ynt1)-
The numerical approximation at t = ¢,,,1 equals

Wy = W+ Dtf(tyi1, Wyi1)- (6.6)

Note that the unknown w, 11 also occurs in the right-hand side. For that reason, the Backward
Euler method is called an implicit method. If f depends linearly on y, then the solution to (6.6) can
be easily computed.
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For nonlinear initial-value problems, the solution to (6.6) is non-trivial. In that case, a numerical
nonlinear solver has to be applied (Chapter 4). This means that the Backward Euler method uses
more computation time per time step than the Forward Euler method. However, the Backward
Euler method also has some advantages, as will be seen later.

Trapezoidal method
The Trapezoidal method is constructed using the Trapezoidal rule of Chapter 5 to approximate the
integral (see Figure 6.2(b)). This means that

] At
Ynt1 = Un +/t St y(£)dt = yn + — (f(tn,yn) + f(tur1, Yus1)) - (6.7)

The approximation of the solution at t = t,, 1 equals

a1 =W+ 5 (Pl ) + Fltasr, wne) ©8)

Note that the Trapezoidal method is also an implicit method.

Modified Euler method
To derive an explicit variant of (6.8), the unknown w,, ;1 in the right-hand side of (6.8) is predicted
using the Forward Euler method. This results in the following predictor-corrector formula:

predictor: Wy, 1 = wy + Atf(ty, wy), (6.9a)
At _
corrector: Wy = Wy + — (f (b, wn) + f(tys1, Wpy1)) - (6.9b)

From w;, (calculated in the previous step), the predictor w,, .1 can be computed. Using this value
in the corrector, this results in an explicit formula: the Modified Euler method.

6.4 Analysis of numerical time-integration methods

The global truncation error e, 1 at time t,,11 is defined as the difference between the solution and
the numerical approximation:

ent1 = Ynt1 — Wp1- (6.10)

In order to analyze the global truncation error, we need to introduce two important concepts:
stability and consistency.

6.4.1 Stability

A physical phenomenon is called stable if a small perturbation of the parameters (including the
initial condition) results in a small difference in the solution. Hence this concept is connected to
the continuous dependence of the solution on the data. Some examples of unstable phenomena
are buckling of an axially loaded bar or resonance of a bridge!. Throughout this chapter, we
assume that the initial-value problem is stable. First, we will consider the conditions for an
initial-value problem to be stable.

Analytical stability of an initial-value problem
Let an initial-value problem be given by

{ y'=f(ty), t>t,
y(to) = yo-

Thttp://ta.twi.tudelft.nl/nw/users/vuik/information/tacoma_eng.html
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Suppose next that the initial condition contains an error £9. Then, the perturbed solution 7 satis-

fies
{ ¥=f(t7), t>t,
(o) = yo + ¢o-

The difference between the two functions is given by ¢(t) = 7(f) — y(f). An initial-value problem
is called stable if
le(t)| < oo forall t > ¢,
and absolutely stable if it is stable and
tlim le(t)| = 0.
— 00

If |¢(t)| is unbounded, then the initial-value problem is unstable.

It should be noticed that stability of the initial-value problem does not imply that the numerical
approximation is stable. The stability of the approximation depends on the numerical method
that is used. In the rest of this section, a numerical stability analysis is performed, both for linear
and nonlinear initial-value problems.

The test equation
We first analyze how a perturbation in the initial condition propagates for

y'=Ay+g(t), t>t
{ y(to) = Yo (6.11)
The perturbed problem is given by
J=A+38(t), t>t,
(o Zuls ) 612

Subtracting the equations in (6.11) from those in (6.12), we obtain an initial-value problem for the
error ¢ in the approximation:
=7 -y =AMg—y)=2As, t>t,
{ e(ty) = €. (6.13)

This initial-value problem plays an important role in stability analysis, and is often called the
initial-value problem for the so-called test equation.

The solution to (6.13) is

e(t) = goett=1),

which shows that (6.13) is stable if A < 0 and absolutely stable if A < 0.

Numerical stability of initial-value problems based on the test equation
Next, we explain how perturbations propagate if initial-value problem (6.11) is approximated by
a numerical method. For example, the Forward Euler method applied to (6.11) yields

wn+l = wn + At(/\w;q + g(tn))
For the perturbed initial-value problem, we obtain
Wyp1 = Wn + AL(AD, + ¢(£n)).

Subtracting these equations yields the following propagation formula for the numerical approx-
imation of the error (8, = w, — Wy):

Ent1 = (1 + AAL)E,.

This means that the error propagation for the Forward Euler method is modeled by the test
equation.
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For each of the numerical methods from Section 6.3, the application to the test equation can be
written as
Err1 = Q(AAD)E,. (6.14)

The value Q(AAt) determines the factor by which the existing perturbation is amplified, and is
therefore called the amplification factor. By substitution it may be verified that

Forward Euler method: Q(AAL) = 1+ AAt, (6.15a)
Backward Euler method: Q(AAL) = #, (6.15b)
1— AAtL
1+ JAAt
Trapezoidal method: Q(AAL) = #, (6.15¢)
— 1At
Modified Euler method: Q(AAE) =1+ AAt+ %(AAt)? (6.15d)

The amplification factor plays an important role in the analysis of the various numerical methods.

Using equation (6.14) recursively it follows that £, = (Q(AAt))" &y. This expression shows how
the initial perturbation is amplified over time. For stability, we require that |&,| < oo for all
n € IN. This means that the numerical scheme is stable if and only if

|Q(AAL)] < 1. (6.16)

Because A is known, we can compute the values of Af such that inequality (6.16) is still satisfied.
For absolute stability, we require |Q(AAt)| < 1. Note that the method is unstable if |Q(AAt)| > 1.
This leads to the following characterization of stability:

absolute stability <= |Q(AAt)| <1, (6.17a)
stability <= |Q(AAH)| <1, (6.17b)
no stability <= |Q(AAt)| > 1. (6.17¢)

As an example, we investigate the Forward Euler method, where Q(AAt) = 1+ AAt. Here,
we assume that A < 0, hence the initial-value problem is absolutely stable. To satisfy (6.16), At
should be chosen such that

-1<1+2AAt <1,

or
-2 < AAt <0.

Since At > 0 and A < 0, the right-hand side is automatically satisfied. From the left-hand side it

= /\/ ( )

with strict inequality for absolute stability.

For the Backward Euler method, stability is found when

L <1

1<
1*1—/\At*

It is easily seen that this condition is satisfied for each At > 0, since A < 0. Therefore, the
Backward Euler method is unconditionally stable if A < 0.

A similar analysis shows that, for A < 0, the Modified Euler method is stable if

2
At < ——,
- A
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with strict inequality for absolute stability. The Trapezoidal method is again unconditionally
stable.

Stability of a general initial-value problem
For a general (nonlinear) initial-value problem, the stability of the corresponding linearized prob-
lem will be analyzed. The initial-value problem

y'=f(ty), t>t,
{ b 2s ' (619)

is approximated by a linear Taylor expansion (Theorem 1.6.8) about the point (£, §):
PN N Of o ~Of o
Flby) ~ 9+ - DL G5 + (D).

In the neighborhood of (£, ), initial-value problem (6.19) can be approximated by

/ PR L Of o ~Of o
V= A9+ =D E0+ (= DFE9) =y +s0) (6:20)
with
of .
A= %(t,?), (621a)
. of - ~Of »
$() = F9) =95 .9) + 1 -H LG9 (621b)

The value of A in equation (6.21a) can be used in the requirement for stability (|Q(AAt)| < 1).
Note that the stability condition depends on f and 7.

Example 6.4.1 (Nonlinear problem)

A simple model of the water-discharge problem is given by

{ y'=—10y>+20, >0,
y(0)=0.

This model can be related to initial-value problem (6.1), using a = 10 and py = 20, and the
solution is given by

y(t) = V2 tanh(v/300t).
This means that y(t) € (0,+/2) forall t > 0.

In this example, f(t,y) = —10y? + 20. The linearized approximation of the differential equation
uses

_ 9 2oy — _oop
/\—@(t,y)— 207.

Because y(t) > 0 for all t > 0, this initial-value problem is absolutely stable: A < 0.

Furthermore, it is important to investigate numerical stability. Note that if the Forward Euler
method is stable, then the numerical approximation of the solution satisfies w; & (0, \/E) for all

n € N. The maximum /2 can be used as an upper bound to derive a criterion for the largest
admissible time step that ensures stability:

_ 1 < 1
10 -

< _
A< 10

>N
<>
9
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6.4.2 Local truncation error

After having considered the stability of numerical methods for initial-value problems, the accu-
racy of these methods will be analyzed. In this subsection, the new error in each time step (the
local truncation error) will be considered. The cumulative effect of these errors in the final result
(the global truncation error), will be considered in Section 6.4.3.

Definition 6.4.1 (Local truncation error) The local truncation error at time step n + 1, 7,41, is de-
fined as
Tpi1 = Ynt1 — Zn-&-l/
At
in which y,11 is the solution at time step n + 1 and z,,41 is the numerical approximation obtained by
applying the numerical method with starting point y,, the solution at time step n.

The estimation of the local truncation error will be explained for the Forward Euler method and
the Modified Euler method. We assume that all derivatives that we use are continuous.

Forward Euler method
For the Forward Euler method, we have

_ Yur1— (Y + Atf(tn, yn))
— o ) (6.22)

Tn+1

Taylor expansion of y,,1 about t, yields

_ 2
st = Y1) = (k) + (s — by (1) + 2l

_ / At2 7
= yn+ Btyp+ —=-y"(8), (6.23)

fora¢ € (tn, tyt1)-
Note that y satisfies the differential equation, such that

y'=fLy). (6:24)
Using equations (6.23) and (6.24) in (6.22) yields

+ Aty + A5y (6) = (yn+ AY) A
Ty = IO 2yA§) (Y y):7y,,(§),

where ¢ € (t, t;+1). This means that the Forward Euler method is of order O(At).

Modified Euler method
For the Modified Euler method, the value of z,,; is obtained by replacing the numerical approx-
imation w;, in equation (6.9) by the exact value y;:

Znt1 = Yo+ BOtf(tn,yn), (6.25a)
At _
Zp+1 = Yn + 7(f(tn/]/n) +f<tn+1/ Zn+1))~ (625b)

Using a two-dimensional Taylor expansion about (¢, i) (Theorem 1.6.8), the final term of (6.25b)
can be written as

f(tns1,Znt1) = f(tn + Dt yn + Btf(tn, yn))

— Fta Yn) + (tn + At — 1) <%)n + (Yn + Atf (e, Yn) = yn) (%L

1 0% f 1 0% f
+ E(t” + At — t)* (W)n + E(y” + Atf(tu, yn) — yu)? (a_}/z)n

2
+ (tn + At —tn) (Yn + Atf (Fn, Yn) — Yn) <%> +....
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Writing f,, = f(tn, yu), this means that
f(tns1,Zut1) = fu + At (aa{) + Atfn ( )
+2At2 <aa£> %(Atfn) ( f) + At fy <aataf> +... (6.26)

Note that the last three specified terms of (6.26) are O(At?) (and that the dots represent terms of
order O(A#?) and higher). Since higher-order terms are not required, we arrive at

f(tni1,Zus1) = fu + At ( of +f f) +O(AP).
Substitution of this expression into (6.25b) yields
AP
Zn+l = Yn T+ Atfn + T ( f +f f) + O(AtS) (627)
n

Differentiating the differential equation with respect to t and using the chain rule, yields

vy~ W _df(by() _dfdt afdy _ (of  of
W)—E—T—aa*@E—( f> (6:28)

Using relations (6.24) and (6.28), equation (6.27) transforms into

A2
Zui1l = Yn + Aty + —yn + O(AP). (6.29)

Note that the first three terms of this expression are exactly the first three terms of the Taylor
expansion

Yl = Yn + Aty + yn +0O(AP). (6.30)

This means that

Tyi1 = yn+1Ath+1 _ (’)(Atz).

Local truncation error for initial-value problems based on the test equation

For implicit time-integration methods, the procedure to estimate the local truncation error has to
be adapted. Therefore, we only consider the error estimation for the test equation y’ = Ay. The
treatment for implicit time-integration methods to the general equation y’ = f(t,y(t)) is outside
the scope of this book.

Remember that z,,, 1 is obtained by applying the numerical scheme to the solution y,,. Using the
amplification factor, this can be computed easily: z, .1 = Q(AAt)y, (Section 6.4.1). Therefore, the
local truncation error equals

Yni1 = QA )y

= 6.31
Tn+1 At ( )
Furthermore, because the solution to the test equation equals y(t) = yge, it is clear that
Y1 = Yo IrtAD) =y AAL (6.32)

Substitution of (6.32) into (6.31) yields

M Q(AAL
Tpy1 = #%- (6.33)
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This means that the size of the local truncation error is determined by the difference between
the amplification factor and the exponential function. To determine this difference, the Taylor
expansion of eM! can be used (see Theorem 1.6.10):

A =1+ MM+ (AAt) ;(/\At Z (AAL)E (6.34)

x‘|;_\

Comparing (6.34) with Q(AAt) = 1+ AAt we conclude that the Forward Euler method has a local
truncation error of order O(At). For the Modified Euler method,

QAAL) =1+ AAt+ = (AAt)

such that the local truncation error is O (At?) and this method is more accurate in the limit At — 0.

For the Backward Euler method, a Taylor expansion of the amplification factor yields (see Theo-
rem 1.6.9)

Q(AAL) = 1_1Mt—1+AAt+(AAt)2+. i(/\At)

k=0

hence the local truncation error of the Backward Euler method is O(At). The Trapezoidal method
has a local truncation error of order O(At?) (see exercise 3).

6.4.3 Global truncation error

In this section, we will relate stability, the local truncation error, and the global truncation error.
Therefore, we need the definitions of consistency and convergence.

Definition 6.4.2 (Consistency) A numerical time-integration method is called consistent if

li At) =0,
Ago’rm( )

where (n +1)At = T, and T is a fixed time. We call a method consistent of order p if 7,11 = O(AtP).

Definition 6.4.3 (Convergence) A scheme is called convergent if the global truncation error e, 1 sat-
isfies

lim e =0
At—0 n+1 ’

where (n +1)At = T, and T is a fixed time. A method is convergent of order p if e, .1 = O(AtP).

The theorem below is one of the most important theorems to prove convergence.

Theorem 6.4.1 (Lax’s equivalence theorem, [6]) If a numerical method is stable and consistent, then
the numerical approximation converges to the solution for At — 0. Moreover, the global truncation error
and the local truncation error are of the same order.

Proof
This theorem will only be proved for the test equation ¥’ = Ay. In that case, we know that
wy+1 = Q(AAt)wy, such that the global truncation error, e, 1, satisfies

€+l = Yn+1l — Wyl = Ynt+1 — Q(AAwy,

By definition, w, = y, — ey, such that

€nt+1 = Yn+1 — Q(AAt)yn + Q(/\At)en
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Next, using equation (6.31), we arrive at
ent1 = AT, 1 + Q(AAL)e,.

Repeating this argument yields

n

enc1 =Y (QAAL)) AtT, 1y, (6.35)
(=0

Using stability (|Q(AAt)| < 1) and (n+ 1)At = T, the global truncation error can be bounded by

n

n
e < AN AT, | < Atlt,. 1| <T- max |1y].
‘ n+l|—£§0|Q< )| ‘ n+1 €|_£;0 | n+1 Z‘_ l§Z§n+1| E‘

This implies that the order of convergence of the global truncation error equals that of the local
truncation error. Furthermore, the global truncation error tends to zero as At — 0, since the
numerical method is consistent. X

6.5 Higher-order methods

In this section, the importance of higher-order methods will be investigated. Furthermore, an
example of a higher-order method will be treated.

First, we illustrate the importance of the order of accuracy. One advantage of higher-order meth-
ods is that a higher accuracy is achieved at least for sufficiently small time steps At. Since larger
time steps are admissible to obtain a fixed accuracy, fewer time steps are required. However, the
total amount of work also depends on the number of function evaluations per time step. For
example, the Forward Euler method needs one function evaluation per time step, whereas the
Modified Euler method needs two evaluations. In the next example, the total number of function
evaluations is computed for a fixed accuracy.

Example 6.5.1 (Order of accuracy)

To illustrate the importance of a higher-order method, as a thought example we assume that
the global truncation error for the Forward Euler method equals |e,| < At, and |e,| < At? for the
Modified Euler method. If we integrate an initial-value problem from ty = 0 to T = 1, and require
that |e,| < 1071, then it follows that At = 107! for the Forward Euler method, and At = 1/3
for the Modified Euler method. This means that 10 function evaluations are required using the
Forward Euler method, whereas only 3 -2 = 6 evaluations are required for the Modified Euler
method.

This effect is even more visible when a higher accuracy is required, as can be seen in Table 6.1.

Table 6.1: Number of function evaluations (denoted by # fe) for the Forward Euler method and
the Modified Euler method using various accuracies. Integration is done from fp = 0to T =1,
and At is chosen such that the desired global truncation errors are found.

Forward Euler method | Modified Euler method
lyn —wn| | At # fe At # fe
101 101 10 0.3 6
102 102 100 101 20
104 104 10000 102 200

Example 6.5.1 shows that a higher-order method is to be preferred, if a high accuracy is required.
This observation is valid as long as the solution is sufficiently smooth.
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The fourth-order method of Runge-Kutta (RK4 method)

Next, the fourth-order method of Runge-Kutta will be introduced. The use of this higher-order
method not only results in large savings, the RK4 method also has attractive stability properties
despite its explicit nature.

The RK4 method approximates the solution at ¢, by

W1 = 0 + g (k1 + 2k + 2k + k), (6.36)
in which the predictors k; to k4 are given by
k1 = Atf(tn, wn), (6.37a)
ky = Atf(t, + %At, Wy + %kl), (6.37b)
ks = Atf(t, + %At, wn + %kz), (6.37¢)
ky = Atf(ty + A, wy + k3). (6.37d)

Note that the corrector formula is based on Simpson’s rule for numerical integration:
"t
yltars) =y(t) + [ fly0)at

~y(ty) + % <f(tn,y(tn)) +4f <tn + %At,y <tn + %At)) + f(tn + AL y(tn + At))) )

Here, y(t,) is approximated by w,, and the values of y(t, + At/2) and y(t, + At) have to be
predicted. From equations (6.37) it follows that both w, + k1/2 and w, + kp/2 approximate
y(tn + At/2), and that y(t, + At) is predicted by wy, + k.

The amplification factor of the RK4 method can be computed using the test equation. Application
of formulae (6.36) and (6.37) to y’ = Ay results in

Wpaq = (1 + AAE + %(/\At)z + %(/\At)?’ + 21—4(/\At)4) Wy
This means that the amplification factor of the RK4 method is given by
1 2, 1 3, 1 4
Q(AAL) =1+ AAt+ E(/\At) + E(AAt) + ﬂ(/\m) . (6.38)

Next, the local truncation error is computed for the test equation. The quantity z,,, is defined
by replacing wy in (6.36) and (6.37) by y,. Substitution of f(t,y) = Ay leads to z,, 11 = Q(AA!)yy.
Using that y,,,1 = e***y,, (equation (6.32)), we obtain

Yns1 = 21 = (€ = QA v (6:39)
The right-hand side of (6.38) consists exactly of the first five terms of the Taylor series of e,
Hence in the right-hand side of (6.39), only the 5th and the higher powers of At remain. Division
by At shows that the local truncation error is O(At*). Also for a general initial-value problem, it
can be shown that the RK4 method is of fourth order.

Finally, it is important to investigate the stability properties. From (6.38) it follows that for each
At > 0, Q(AAt) is larger than one if A is positive, hence exponential error growth will be in-
evitable.

For A < 0, the RK4 method is stable when

1 1 1
~1<1+4x+ Ex2 + 8x3 + ﬂx4 <1, where x = AAL. (6.40)
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The left inequality of (6.40) yields
1, 13 14
- - x>
2—|—x—|—2x + 6x +24x >0,
which is satisfied for all x. This is seen by considering the extremes of the polynomial

1 1 1
P(x) =2+x+ -x*+ —x3 + x4

2 6 24
The extremes are attained at the zeros of P/, i.e. for those values % for which
1 1
Pl(%)=1+%+ §x2+gaz3 =0.

An extreme value of P is found by substituting ¥ into P and using the relation P'(%) = 0:

N o0 S DC N OV Y BV 1 .4
P(%) —2+x—|—2x g+ 5t —1—|—P(x)+24x —1+24x .
Note that P(X) > 0 for all X. This means that all extremes of P are positive, hence also the
minimum of P. Consequently, P is positive for all x and that proves the proposition. The left
inequality can therefore not be used to derive a stability bound for At.

Next, the right inequality in (6.40) should be considered. This inequality can be written as

x(1+ %x + %x2 + 21—4x3) <0. (6.41)

Because x = AAt < 0, equation (6.41) is equivalent to
1 1, 1 4
Z Z —x>>0.
1+2x+6x +24x >0
Analysis of this polynomial shows that it possesses only one zero, for x ~ —2.8. The function is
negative for x < —2.8, and positive for x > —2.8. From this it follows that x = AAt > —2.8, or
2.8

At < - (6.42)

in order to satisfy —1 < Q(AAt) < 1.
Example 6.5.2 (Order of accuracy)

To extend example 6.5.1, we assume that the global truncation error for the RK4 method equals
len| < At*. Note that the RK4 method requires four function evaluations per time step. In Table
6.2, the results can be seen. Note that for a certain accuracy, the RK4 method can use much larger
time steps than the Forward Euler and the Modified Euler method. For higher accuracies, the
number of function evaluations is therefore much smaller than for lower-order methods.

Table 6.3 presents an overview of the stability conditions and local truncation errors for all dis-
cussed methods.

6.6 Global truncation error and Richardson error estimates

In this section we analyze the behavior of the global truncation error as a function of the time
step. For the given numerical time-integration methods, the global truncation error is of order
O(AtP), with p = 1 for the Forward Euler and Backward Euler method, p = 2 for the Trapezoidal
and the Modified Euler method, and p = 4 for the RK4 method. We assume that for sufficiently
small values of At, the global truncation error can be approximated by

e(t, At) = cp(t)AtP. (6.43)

In general, the solution to the initial-value problem is unknown. In this section, we apply
Richardson’s extrapolation (Section 3.7) to numerically estimate the global truncation error.



Chapter 6. Numerical time integration of initial-value problems 79

Table 6.2: Number of function evaluations (denoted by # fe) for the Forward Euler, Modified
Euler and RK4 method using various accuracies. Integration is done from typ = O to T = 1, and
At is chosen such that the desired global truncation errors are found.

Forward Euler Modified Euler RK4
lyn —wn| | At #fe At #fe At #fe
101 101 10 0.3 6 0.5 8
102 102 100 101 20 0.3 12
104 104 10000 102 200 1071 40

Table 6.3: Amplification factors, stability conditions (A € IR, A < 0), and local truncation errors.

method amplification factor stab. condition Tyi1
Forward Euler 1+ AAt At< -2 O(At)
Backward Euler ﬁ all At O(At)
Trapezoidal ?ﬁﬁi all At O(At?)
2
Modified Euler 1+ AAt+ S (AAL)? A< -2 O(At?)
RK4 L+AAt+I(Aan2+1aand + L(aan* | at< -2 || 0(ah)

6.6.1 Error estimate, p is known

Similar to Section 3.7.2, two numerical approximations of the solution at time f are used to com-
pute the global truncation error estimate. Let w%\,A/tz and w&! denote the approximations for
y(t) = y(NAt) using N/2 time steps of length 2At and using N time steps of length At, re-
spectively.

For At small enough (see Section 6.6.2), higher-order terms are disregarded, and hence we obtain
e(t,2At) = y(t) — wibf, = cp(t) (2A1)P, (6.44a)
e(t, At) = y(t) —wi = cp(t)AtF. (6.44b)
By subtracting these two equations we obtain
Wi — Wiy = cp(t) A (2P — 1), (6.45)
from which the value of c,(t) follows:
At _ o 2A
WN ~WN/2

By substituting this estimate of ¢, () into (6.44b), we obtain a global truncation-error estimate for
the approximation with time step At:

wAt _ wZAt
At TN N/2
y(t) —wy = —— (6.47)

The order of the method manifests itself in the factor ﬁ of the global truncation-error estimate.

6.6.2 Error estimate, p is unknown

In the practical situation in which both the solution and the order of the global truncation error
are not known, there is no immediate quality check of the global truncation-error estimate. For
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a certain value At, it is unknown whether relation (6.43) is sufficiently well satisfied to obtain an
accurate truncation-error estimate. Applying the same approach as in Section 3.7.2, and defining

w?\]A/ﬂl as the approximation for y(t) using N /4 time steps of length 4At, equation (3.14) gives that

2At 4Nt

RN~ (6.4
WN — WN/2

If for a certain At the value of equation (6.48) is in the neighborhood of the expected 27, then At
is small enough to obtain an accurate global truncation-error estimate.

Example 6.6.1 (Water discharge)

In this example, Richardson’s extrapolation is applied to a slightly modified water-discharge
problem (see initial-value problem (6.1)), given by

{ Y =50 — 2,21,
y(0)=0.

An explicit solution to this problem is not known. Table 6.4 gives the numerical approximation
of the solution at t = 0.2 using the Forward Euler method for various time steps. The estimate for
y(t) — wi! (equation (6.47)) is also given, together with the estimated value of 27, using equation
(6.48). Note that indeed, the global truncation-error estimate is doubled when 2At¢ is taken. The
results in the fourth column show that from At = 0.00125 onwards the global truncation error
may be considered linear in At.

£>0, (6.49)

Table 6.4: Numerical approximation and global truncation-error estimates for the solution to
problem (6.49) at t = 0.2, using the Forward Euler method and equations (6.47) and (6.48).

At wif y(t) — whf 2F
0.01000000000 | 4.559913710927 - -
0.00500000000 | 4.543116291062 | -0.01679742 -
0.00250000000 | 4.534384275072 | -0.00873202 | 1.9236589
0.00125000000 | 4.529943322643 | -0.00444095 | 1.9662485
0.00062500000 | 4.527705063356 | -0.00223826 | 1.9841099
0.00031250000 | 4.526581601706 | -0.00112346 | 1.9922881
0.00015625000 | 4.526018801777 | -0.00056280 | 1.9962008
0.00007812500 | 4.525737136255 | -0.00028167 | 1.9981144
0.00003906250 | 4.525596237317 | -0.00014090 | 1.9990607
0.00001953125 | 4.525525771331 | -0.00007047 | 1.9995312

In general, the global truncation error at a certain time t should satisfy |e(t, At)| < ¢, for a certain
bound e. Richardson’s extrapolation can be used to determine whether a certain value of At is
accurate enough.

In practice, At is often based on knowledge of the general behavior of the solution or an idea
about the number of points necessary to recognize the solution visually. For example, to visualize
the sine function on the interval (0, 77), about 10 to 20 points are required. To estimate the global
truncation error for this value of At, the numerical integration is performed three times (for At,
2At and 4At), and the value of (6.48) is computed. Note that if the estimation of 27 is not accurate
enough, then Af should apparently be taken smaller. In practice, the time step is halved, such that
two earlier approximations can be reused. As soon as 2? is approximated accurately enough,
an estimate for the global truncation error according to (6.47) is computed, using the last two
approximations. If the estimated global truncation error exceeds the threshold, we again take a
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smaller time step, until the error estimate is small enough. The approximation of the solution
will become more and more accurate because (6.48) is satisfied better and better as At decreases.

This characterizes the use of adaptive time-stepping in the numerical integration of initial-value
problems. More details about adaptive time-stepping can be found in [8].

6.7 Numerical methods for systems of differential equations

This section focuses on numerical time-integration methods for systems of differential equations.
Here, we assume that y1, . . ., ¥, are m unknown functions and that each function is characterized
by an initial-value problem of the form

{ y;:f.](t/yllrym)/ t>t0/
yi(to) = yjo,

j =1,...,m. Writing this in vector notation by using y = (y1,...,ym) " and f = (fi,..., fm) ',
yields the vector-valued initial-value problem

{ y' =f(t,y), t>to,
y(to) = yo-

For the Forward Euler method, it will be shown that the application to systems of equations is
similar to the scalar case. Similarly, the vector-valued generalization of the scalar case will be
presented for the Backward Euler, Trapezoidal, Modified Euler, and RK4 method.

For systems of differential equations, the Forward Euler method (equation (6.5)) should be ap-
plied to each differential equation separately. For the jth component, the solution at time ¢,,1 is
approximated by

Win+1 = Wiy + Atfj<tn/ Winr---s wm,n)/ (6.50)

j=1,...,m. The corresponding vector notation reads
Wyl = Wy + Ai’f(tn, Wn)- (651&)

Indeed, the Forward Euler method for systems of differential equations is a straightforward
vector-valued generalization of the corresponding scalar method. Using the definitions of the
Backward Euler (equation (6.6)), Trapezoidal (equation (6.8)), Modified Euler (equation (6.9))
and RK4 method (equation (6.36)) we obtain their vector-valued generalizations:

Backward Euler method: W1 = Wy + AH (01, Wii1), (6.51b)

Trapezoidal method: Wyl =Wy + % (£(tn, Wi) + £(ty1, Wiet)), (6.51¢)
Modified Euler method: W1 = Wy + AtE(t,, Wy),

Wyl =Wy + % (£(tn, Win) + £(ty1, Wiit)), (6.51d)

RK4 method: ky = Atf(ty, W), (6.51e)

ko = Atf(t, + %At, wy + %kl), (6.51f)

k3 = AHf(t, + %At, wy, + %kz), (6.51g)

ky = AH(t, + A, wy, + K3), (6.51h)

1
Wyt = Wp + g(kl + 2Ky + 2k3 + ky). (6.51i)
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For the implicit methods, an approximation of the solution to a nonlinear system should be de-
termined at each time step. This can be achieved using a method from Section 4.6.

Higher-order initial-value problems
A higher-order initial-value problem relates the mth derivative of a function to its lower-order
derivatives. Using the notation
. i
Ho¥x . _4
VW=—,j=0,...,m,

ari’

we consider the following initial-value problem:

X = f(tx, 60,200, s g,

x(to) = xo,

(6.52)

W(ag) =),

x(mD (1) = xg" Y,

which consists of a single mth order differential equation and a set of initial conditions for x and
all of its derivatives up to the m — 1th order.

One way to solve such a higher-order initial-value problem is to transform the single differential
equation into a system of first-order differential equations, by defining

yi=x
Y2=x (l),
Ym = x(m=1),
In this way, problem (6.52) transforms into the following first-order system:
=2
Yin—1= Ym,

y;’ﬂzf(t/yll‘”/ym), t > to,

y1(to) = xo,

Ym(to) = x(()m_l).

Example 6.7.1 (Mathematical pendulum)

The angular displacement of a pendulum is described by the initial-value problem

P’ +sinyp=0, t>0,
$(0) = o,
¥(0)=0.
By letting y1 = ¢ and y, = ¢/, the corresponding first-order system reads
Vi=v2
yh=—siny;, t>0,
y1(0) = ¢y,
y2(0)=0.
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The Forward Euler method approximates the solution at t,, 1 by
W11 = Wi+ Atwy,
wz,nH = ZUQ/n — Atsin wl,n,

or, in vector notation:

w
W1 = Wy, + At 2 .
—sinws ,

Example 6.7.2 (Second-order initial-value problem)
Consider the initial-value problem
ax" +bx' +cx=g(t), t>t,
x(to) = xo,
x'(tg) = x((]l).
The second-order differential equation can be transformed to a system of first-order differential
equations by defining y; = x, y, = x”:

Y1= Y2,
vh= =Ly — Ly + 1g(t), t>t,
y1(to) = xo,
1
ya(to) = x(() ).

By defining

() () o= (o )

we arrive at the matrix-vector form y’ = Ay + g(t).

6.8 Analytical and numerical stability for systems

It becomes clear from Section 6.7 that the numerical methods for systems of differential equations
have a similar structure as their scalar counterparts. In this section, we will analyze their stability
behavior and relate it to that of the scalar case.

As in the scalar case, we first consider a simplified initial-value problem for a linear differential
equation with constant coefficient matrix, which constitutes a direct generalization of the scalar
case (6.11):
y'=Ay+s8(t), t>t,
{ y(to) = yo. (6.53)
Here y and g(t) are vectors of length m and A is the m x m coefficient matrix. Assuming pertur-
bations only in the initial values, the perturbed problem is given by

{ ¥y =Ay+g(t), t>t
¥(to) = yo + €o.

For the difference € = § — y, the test system holds:

{ g=Ae, >t
&(tp) = &o.

If we assume that the matrix A can be diagonalized, then the stability properties of system (6.54)
can be related to the stability properties of a scalar initial-value problem. It will be shown that
the eigenvalues of the matrix A (see definition 1.6.5) play the same role as A in the scalar test
equation ¥’ = Ay. The major difference to the scalar case is the possible occurrence of complex
eigenvalues that has to be taken into account.

(6.54)
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6.8.1 Analytical stability of the test system

The analytical stability of the test system is explained in depth in Section 6.8.2. The most impor-
tant conclusion is that the system of differential equations is analytically stable depending on the
eigenvalues A; of A (see definition 1.6.5). The following characterization holds [4]:

absolute stability <= forall A;: Re(Aj) <0,
stability <= forallA;: Re(Aj) <0,
no stability =~ <= thereexistsa A;: Re(A;) > 0.

The following example is used to show how the procedure works.
Example 6.8.1 (Second-order initial-value problem)

In this example we use the system of differential equations as given in Example 6.7.2. The corre-
sponding test system is equal to y’ = Ay. The eigenvalues of A are given by the solutions to the
equation

0-A 1

det(A—)\I): b ‘
-+ —b-a

=— (—Q—A)+E:/\2+9/\+E:0.
a a a a

Multiplying this equation by a leads to the equivalent equation aA? + bA + ¢ = 0, with solutions

A —b+Vb? — 4dac
1P2=—>F—"":

¢ 2a

note that the eigenvalues are complex if b> — 4ac < 0. Table 6.5 contains some possible choices
for a, b, and c, the corresponding eigenvalues and the stability result.

Table 6.5: Analytical stability investigation for initial-value problem of Example 6.8.1.

la] blc[ M | A2 | stability result ]
1 210 0 -2 stable
1 2|1] -1 -1 absolutely stable
1 011 0+1 0—1i | stable
1 22| -1+i| —1—1i | absolutely stable
1(-21]0 2 0 unstable

6.8.2 Motivation of analytical stability *

If A is diagonalizable, then there exist a non-singular matrix S and a matrix A such that
A =SAS™L. (6.55)

Here, A = diag(/\l, ..., Am) contains the eigenvalues of A (which can be complex)z, and S is the
corresponding eigenvector matrix having the (right) eigenvectors vy,..., v;; of A as columns. For
the sake of completeness we recall the definition: Av; =\, j=1,...,m.

Let 7 = S~l¢, such that ¢ = Sy. Substituting this transformation in (6.54) and using factorization
(6.55) yields
{ Sy#'=ASy = SAy,
1(to) = S~'eg = 1y,

2We write diag(Ay,..., Am) to denote a diagonal matrix with Ay, ..., Ay, on the main diagonal.
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Since S is non-singular, this yields

7= Ay,
{ 1(to) = 1. (6.56)

Note that the above system is fully decoupled.

For each component of the vector #, the solution is given by
Ai(t—tg)
1j = 1j0€ i(t=to), j=1,...,m
Note that in general, the eigenvalues can be complex. Writing each eigenvalue as
/\] = ‘I/t] + iVj,

with pj,v; € Rt follows that

j = 11j0eti i),

Because \eil’f(t_t‘))\ = 1 (since [e®| = |cos¢ +isin&| = y/cos2 & +sin®& = 1 for all & € R), it
holds that |57;| = [17;0le"/ (t=t) Therefore,

il if 4 =0,
lim |77;| = 0, ifu; <0,
e oo, if pj > 0.

From this observation it follows that the system is stable if y; = Re(A;) < 0forallj=1,...,m.
Absolute stability is obtained when y; = Re(A;) < 0 forall j = 1,...,m. If there exists a j for
which y; = Re(A;) > 0, then the system is unstable.

6.8.3 Amplification matrix

For each numerical time-integration method, the amplification matrix can be computed by ap-
plying the time-integration method to (6.54). We obtain

Forward Euler method: Q(AtA) =1+ AtA, (6.57a)
Backward Euler method: Q(AtA) = (I— AtA) 7}, (6.57b)
-1
Trapezoidal method: Q(AtA) = (I - %AtA) . <I + %AtA) , (6.57¢)
. AP o
Modified Euler method: Q(AtA) =1+ AtA + TA , (6.57d)
At? AR At*
RK4 method: Q(AtA) =1+ AtA + TA2 + TA3 + EA‘*. (6.57¢)

6.8.4 Numerical stability of the test system

As has been mentioned in Section 6.8.1 and motivated in Section 6.8.2, the stable integration of
system (6.53) is only possible if all eigenvalues of the matrix A have non-positive real parts. These
are stable systems with non-increasing solutions.

In Section 6.8.5, the numerical stability of the time-integration methods for systems will be de-
rived. The most important conclusion is that for numerical stability, the scalar amplification
factor can be used. If

[QMAn| <1

for all eigenvalues /\]- of A (j =1,...,m), then the numerical method is stable. Absolute stability
is obtained when [Q(A;At)| < 1 for all eigenvalues, and instability when there is at least one
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eigenvalue for which |Q(A;At)| > 1. This leads to the following characterization of stability for
systems (cf. equations (6.17)):

absolute stability =~ <= forall A;: Q(AAL)| < 1,
stability <= forall A;: Q(AAL)| <1,
no stability <= thereexistsa A;: [Q(A;Af)| > 1.

Note that in general, A; is complex, such that the modulus of Q(A;At) needs to be computed (see
definition 1.6.3).

In this section, we will investigate the stability conditions for several time-integration methods.
Example 6.8.2 (Stability condition for the Forward Euler method)

Absolute stability for the Forward Euler approximation of a system of differential equations is
obtained when all eigenvalues A; of the matrix A satisfy the strict inequality

|1+ A4 < 1, (6.58)

j=1,...,m. Writing A; = p; + iv;, with p;, v; € R yields (apply definition 1.6.3)

|1+ AAE = | (14 pjdt) +iviAt |= \/(1 + A2 + V2AR,
Taking squares on both sides of the stability condition (6.58) yields the following inequality:
(1+ ppt)? +v7A2 < 1. (6.59)

This inequality has to be satisfied by all eigenvalues of matrix A to ensure absolutely stable nu-
merical integration. Note that the above equation cannot be satisfied if eigenvalue A; has a posi-
tive real part (#; > 0). Hence, if at least one eigenvalue of the matrix A has a positive real part,
then the system is unstable.

The corresponding stability condition for At follows from the equation (1 + Aty ]-)2 + 1/]-2At2 =1.
The nonzero root of this quadratic polynomial in At is

Zy]

At=——"1
AL

For each eigenvalue A, the stability condition is given by

At < — j=1,...,m
2 2 7 4 4
iy
If A;jis real-valued, then this condition can be related to the scalar case (condition (6.18)). Ensuring
that the above condition is satisfied for all eigenvalues, the integration of the system is absolutely

stable if At satisfies
Af . 2p;
< min { ———— . (6.60)
j=1..m Wi +vi

For an imaginary eigenvalue (y; = 0), the Forward Euler method is always unstable.
Example 6.8.3 (Unconditional stability of the Backward Euler method)
Stable integration using the Backward Euler method is obtained when

1

- <
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for all eigenvalues A; = p; + iv;j of A. Note that this is equivalent to [1 — A;At| > 1, which holds
when
| 1= AjAE 2= 1= piAt — vt [P= (1 — piAt)? + (vjAH)? > 1. (6.61)

If all eigenvalues have non-positive real part yi; (which is required to obtain an analytically stable
system), then equation (6.61) is automatically satisfied, independent of the time step At, and
therefore, |Q(A;At)| < 1. In that case, the Backward Euler method is unconditionally stable.

If all eigenvalues are imaginary (y; = 0), then the Backward Euler method is absolutely stable,
since |Q(A;At)| < 1 for all eigenvalues.

Example 6.8.4 (Unconditional stability Trapezoidal method)

For the Trapezoidal method, the amplification factor for eigenvalue A; = p; +iv; is
1

1+ E)\jAt
1

1—5AjAt

_la+ JuiAt) + SiviAt |
| (1— 3pjAt) — JiviAt |

| Q(AjAL) | =

For eigenvalues with non-positive real part (¢; < 0) the numerator is always smaller than or
equal to the denominator, and hence, |Q(A;At)| < 1. If this holds for all eigenvalues, then the
Trapezoidal method is stable for each time step, hence this method is unconditionally stable.

If all eigenvalues are imaginary (y; = 0), then the Trapezoidal Method is stable, since [Q(A;At)| =
1 for all eigenvalues.

6.8.5 Motivation of numerical stability *

Theorem 6.8.1 Let A € R™*™ be diagonalizable, and A = diag(Aq, ..., Aw) be the matrix with the
eigenvalues of A, with corresponding eigenvector matrix S (having right eigenvectors vi,...,Vy of A
as columns). Then for each numerical time-integration method, the amplification matrix, Q(AtA), is
diagonalizable, and its eigenvalues are given by Q(A1At), ..., Q(AnAt): Q(AtA) = SQ(AtA)S™1.

Proof
First, it should be noticed that

AF = (SAS™H)F = SAkS! fork € Z.
From this observation it follows that any polynomial
P(x)=po+pix+...+pn,x", np, €N,
evaluated in AtA equals
np 1y 1y
P(AtA) = Y pr(AtA)F = Y pS(AtA)fS T =8 <Z pk(AtA)k> S~1 =SP(AtA)S7!, (6.62)
k=0 k=0 k=0
in which P(AtA) = diag(P(AMAt), ..., P(AmAt)).
Next, note that each amplification matrix in Section 6.8.3 can be written as
Q(AtA) = R(AtA)IP(AtA), (6.63)

in which P(AtA) and R(AtA) are polynomials in AtA. For example, for the Trapezoidal method,
we have

1 1
R(AtA) =1— S AtA, and P(AtA) =T+ SAfA.
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Using equation (6.62) in equation (6.63) yields
Q(AtA) = (SR(AtA)S™1)"1(SP(AtA)S™1) = SR(AtA)1P(AtA)S™L. (6.64)

Note that R(AtA)~! and P(AtA) are both diagonal matrices, and therefore, their product is also
a diagonal matrix:

R(AtA)"IP(AtA) = diag(P(AAt)/R(AAL), ..., P(AmAt) /R(AmAt))
= diag(Q(AM1AL), ..., Q(AmAt)) = Q(ALA). (6.65)

The above derivation makes use of the fact that the amplification matrix is built using the scalar
amplification factors.

Substituting the expression (6.65) in equation (6.64) proves that Q(AtA) = SQ(AtA)S™ L. X

In order to investigate numerical stability of time-integration methods, the test system (6.54) is
used. For each time-integration method, the approximation at time ¢, equals

en11 = Q(AtA)ey,. (6.66)

Next, using that € = Sy (as in Section 6.8.2), equation (6.66) is transformed into (using Theorem
6.8.1)

Stt11 = Q(ALA)Sy, = SQ(ALA ),
Because S is non-singular, this means that
M1 = QAA),,
which can be written componentwise as

M1 = QAAL) 1,
Non+1 = Q(A28H) 12,4,

Nmn+1 = Q(AmAt)ﬂm,n .

Stability of #,, is equivalent with stability of &;, since S does not depend on the approximation.
This means that a sufficient condition for numerical stability is

QAL <1, j=1,...,m.

If for one of the eigenvalues |Q(A;At)| > 1, then the system is unstable.

6.8.6 Stability regions

In this section, the stability regions of the different methods are investigated graphically.

First of all, the Forward Euler method will be considered. In Figure 6.4(a), the region where this
method is stable is depicted:

Srp = {)\At eC: |1 +)\At| < 1}.

Note that this set represents a circle with midpoint (—1,0) and radius 1. For points AAt € Spg
the modulus of the amplification factor is less than 1 and outside the circle it is larger than 1.
The region inside the circle is therefore called the stability region of the Forward Euler method. The
stability region of the Forward Euler method lies completely to the left of the imaginary axis and
is tangent to that axis.
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The stability region may be used to provide a graphical estimate of the stability condition for
At. As a starting point, each eigenvalue A; should be marked in the complex plane (which cor-
responds to assuming At = 1). The position of the marked point shows whether the integration
is stable for At = 1 or not. If any marked point lies outside the stability region, then At must
be taken smaller, such that A;At falls inside the stability region. Graphically, this corresponds
to moving from the marked point to the origin along a straight line. In many cases even the
unassisted eye can determine fairly accurately for which Af the line intersects the circle. This
process has to be performed for all eigenvalues; the smallest At that results determines the sta-
bility bound.

Obviously, this operation will only succeed if all eigenvalues have a strictly negative real part.
Shrinking At will never bring AAt inside the stability region when an eigenvalue has positive
or zero real part, the latter because the stability region is tangent to the imaginary axis. Imagi-
nary eigenvalues are often found when representing systems with oscillatory solutions without
damping.

In Figure 6.4, all stability regions can be seen for the different numerical time-integration meth-
ods. Note that both implicit methods (Backward Euler and Trapezoidal method) are uncondi-
tionally stable when all eigenvalues have non-positive real part. If A; falls in the white region of
Figure 6.4(b) (unstable case of the Backward Euler method), then At has to be increased to reach
the stability region.

The stability region of the Modified Euler method is very similar to that of the Forward Euler
method. As a consequence both methods have almost the same time step constraint. In partic-
ular, both methods share the property that systems containing imaginary eigenvalues cannot be
integrated in a stable way, whichever the time step is: unbounded error growth will ensue.

The RK4 method is conditionally stable. It is important to note that this is the only discussed
explicit method that may be stable for systems which have imaginary eigenvalues. In that case,
RK4 is stable if [AAt] < 2.8.

Note that the observations in this section can be related to Section 6.4.1, in which numerical
stability was derived.

6.8.7 Stability of general systems

Differential equations for systems of the form

{ y =1(ty),
y(to) = yo,

locally have the same properties as the linear system (6.53). The stability behavior can be deter-
mined by linearization of the initial-value problem about (,§) (note that a similar approach was
adopted in Section 6.4.1 for general scalar equations). The role of A is taken over by the Jacobian
matrix of f, evaluated in (,¥):

o ofh
S g
Tig) = : : . (6.67)
fm fm
dy1 T Ym (£9)

Note that the eigenvalues of the Jacobian matrix, A1(,¥),..., Aw(f,¥), depend on f and §. The
stability properties of numerical time-integration methods therefore depend on time and approx-
imation.
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Im(AAE) T 2

1 -2

(a) Forward Euler method (b) Backward Euler method
Im(AAE)T 2 2
Im(AAt)
1
Re(AAL)
1 ‘2
-1
-2
(c) Modified Euler method (d) Trapezoidal method

(e) RK4 method

Figure 6.4: Stability regions of numerical time-integration methods.
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Example 6.8.5 (Competing species)

In this example, we investigate the population densities of two species of bacteria competing
with each other for the same supply of food. A model for this competition leads to the system of
differential equations

vi=yi(l—y1—y2),
v = 12(0.5 — 0.75y; — 0.25y,),

in which y1 and y; are the population densities of the bacteria. The solution to this system of
equations is unknown, and therefore numerical time-integration methods are applied.

Assume that the approximation at time ¢, is given by w,, = (1.5, O)T. We choose f = t,, § = wy,
and linearize the system about (f,§). The Jacobian matrix of this model, evaluated at (£, ¥), is
given by

J

(1211 - _ (-2 -15
(ty) —0.757> 0.5 —-0.7571 — 0.59, 0 —0.625 /)’
with eigenvalues A1 (£, §) = —2, A5 (£, §) = —0.625.

In order to compute the approximation at time t, 1, the Forward Euler method is used. Since
the eigenvalues are real, criterion (6.18) is applied to each eigenvalue to show that the method is

stable in (f,¥) if
2
j=12 /\]‘ (t,9)
Note that the same procedure needs to be executed at each single time step.

Example 6.8.6 (Stability of mathematical pendulum)

In this example, the mathematical pendulum of example 6.7.1 is revisited. Note that the corre-
sponding system can be written as

vi = w2 =fltby),
y, =—siny; = fo(ty),

withy = (y1,2) " The Jacobian matrix, evaluated at (,¥), equals

J

o 0 1
(ty) = | —cosy; O |-
If —7r/2 <1 < 71/2, then the eigenvalues of this matrix are imaginary, which are given by

/\1,2@, }Af) . :El'\/ COs 91.

In Figures 6.4(a) and 6.4(c), it can be seen that the Forward Euler method and the Modified Euler
method are unstable for every At when the eigenvalues are imaginary (this has also been shown
for the Forward Euler method in example 6.8.2).

However, the Backward Euler method and the Trapezoidal method are unconditionally stable
(cf. Figures 6.4(b) and 6.4(d)). We remark that the amplification factor of the Backward Euler
method satisfies |Q(A12(f,§))| < 1, such that a damped oscillation is found when this method is
applied (cf. example 6.8.3). However, since imaginary eigenvalues imply neither losses (dissipa-
tion or damping) nor growth of the solution, the Trapezoidal method is more useful in this case
(1Q(A12(F, %)) = 1, see example 6.8.4).
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The RK4 method is stable if (cf. Figure 6.4(e))

Apo 28 28

~ B9 (Jcoshy

which means that a suitable time step for the RK4 method depends on § and f. If At is strictly
smaller than the stability bound, then the RK4 method gives a damped oscillation.

6.9 Global truncation error for systems

The analogy of the scalar and vectorial case extends further to global truncation errors. As in
the scalar case, y,,+1 is the solution at time t,,;1, and z,, 1 is the approximation at time ¢, after
applying one step of the numerical time-integration method to y,. Then, the local truncation-
error vector is given by

Ty = Lol el Atz”“, (6.68)
and the global truncation-error vector is given by e,11 = yu4+1 — Wy41. It turns out that the
orders of these errors are equal to the corresponding orders in the scalar case (Section 6.9.1). For
example, the Forward Euler method for systems has a local truncation error of order O(At), and
if the method is stable and consistent, then the global truncation error is of the same order.

For systems, Richardson’s extrapolation should be performed componentwise to obtain global
truncation-error estimates (Section 6.6).

6.9.1 Motivation of the global truncation error for systems *

Test system

First, the test system y’ = Ay will be investigated (cf. proof of Theorem 6.4.1). In that case,
the numerical approximation at time t,.1 equals w,, 11 = Q(AtA)w, (equation 6.66), such that
Z,11 = Q(AtA)yy. The local truncation-error vector is therefore given by (cf. equation (6.31))

_ Ynt1— Q(AtA)YH
At !

Tn+1

and the global truncation-error vector by e,+1 = y,+1 — Q(AtA)w,. Because w, =y, — ey, the
global truncation-error vector equals

ent1 = Yn+1 — Q(AtA)y, + Q(AtA)e, = AtT, 11+ Q(AtA)ey,. (6.69)

Next, equation (6.69) is decoupled using the transformation e,, 1 = Sy, |, where S is the matrix
having the eigenvectors, vy, ..., vy, of A as columns. This means that

SH,.1 = DtT, 41+ Q(ALA) Sy,
such that (multiply by S~! and apply Theorem 6.8.1)
Nye1 = DS T, 1 + STIQ(ALA) Sy, = AtST T, 41 + Q(AtA)1, (6.70)

in which A is the matrix having the eigenvalues of A, A4, ..., Ay, on the diagonal.
Next, the local truncation-error vector 7,41 is decomposed along the eigenvectors of A:
m

Tnl = ) Xjnt+1Vj = Sy, (6.71)

j=1

The values «; ,, ;1 are the components of the local truncation-error vector with respect to the basis
of eigenvectors.
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Transforming S~17,.q into S7!Sa, 1 = a,,1, the decoupled global truncation-error vector of
equation (6.70) equals

N1 = Dty + Q(AtA),.
As in equation (6.35), this results in

n

Nor1 = ), (Q(AtA)) Atay gy .
=0

Because Q(AtA) = diag(Q(A1At), ..., Q(AnAt)), the components of the global truncation-error
vector are given by

n

Binir = Y (QAAD) Atej,a g (=1,...,m). 6.72)
=0

Note that this is a decoupled system: the scalar properties of local and global truncation errors
can be applied to each component (as in Sections 6.4.2 and 6.4.3).

This automatically entails that each component of the decoupled local truncation-error vectors
«1,...,&,11 has the same order of magnitude as the scalar local truncation error of the corre-
sponding method, for example of order O(At) for the Forward Euler method. If a numerical
method is stable and consistent, then the decoupled global truncation error is of the same or-
der as the decoupled local truncation error (see Theorem 6.4.1). Because the matrix S does not
depend on At, the original local and global truncation error are also of the same order.

6.10 Stiff differential equations

Stiff differential equations (stiff systems) describe problems that exhibit transients. Their solution
is the sum of a rapidly decaying part, the transient, and a slowly-varying part. After a short
period of time, the transient is invisible, and only the slowly-varying part of the solution remains:
the quasi-stationary solution.

In this section, we explain the concept of stiffness using the following initial-value problem with
a linear differential equation:

{ YV=AMy—F(t)+F(t), t>t,
y(to) = vo,

with solution y(t) = (yo — F(tp))e*(!=1) + F(t), as may be verified directly by substitution. This
initial-value problem is stiff if A is strongly negative and if variations of F occur on a large time
scale (slowly varying). Then, the transient is (1o — F(t))e*(!=10) (rapidly decaying) and F(t) is
the quasi-stationary solution.

We consider approximations using a numerical time-integration method. When we choose an
explicit method, then stability is obtained if the time step is chosen small enough. Since A is
strongly negative, the condition |Q(AAt)| < 1 leads to a very small bound for At. Note that this
restriction is only due to the transient part of the solution, in which A occurs. With respect to
the accuracy to approximate the quasi-stationary solution, larger time steps could be taken. This
means that the stability condition restricts the time step more than the accuracy requirement.
Therefore, implicit time-integration methods (which are unconditionally stable) are preferable
for stiff problems.

Considering the error behavior, it is important to note that local truncation errors are relatively
large in the beginning, since the transient decays very rapidly. Since the quasi-stationary solution
is slowly varying, these errors are smaller at later times. The global truncation error, that adapts
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to these local truncation errors, also decreases after passing the transient phase. This can be
derived from definition (6.35):

n

up1 =), (QAA) AtT, ¢
=0

= (QAAD))" AtTy + (QAAE)) N Aty + ...+ Q(AAL)ALT, + AbT, 4 1. (6.73)

Hence if the time-integration method is stable and the amplification factor is small enough (for ex-
ample, when |Q(AAt)| < 0.5), then, due to exponential decay, initial local truncation errors have
much less influence than local truncation errors in the last few steps, which have not decayed
that much. The smaller |Q(AAf)] is, the faster the effect of past local truncation errors decays.
The global truncation error could even be unnecessarily small when the time step is chosen very
small in relation to the timescale of variation of F. This is not efficient if the approximation after
a long time is required.

Implicit methods

In the previous discussion, it has been explained that explicit time-integration methods are not
very useful for stiff systems, as the stability condition requires a very small time step. Therefore,
it is more efficient to apply an implicit time-integration method, such as the Backward Euler, or
the Trapezoidal method. These methods are unconditionally stable, and therefore, the time step
can be taken arbitrarily large, at least theoretically. In practice, it needs to be chosen such that
sufficient accurate approximations of the quasi-stationary solution are obtained. Note that for
each time step, a system of algebraic equations has to be solved.

Both implicit methods have their unconditional stability in common but exhibit, in applications,
significant difference in behavior as shown by the following experiment.

Example 6.10.1 (Stiff differential equation)

In this example, we investigate the scalar stiff problem

;o B o
{ y' = —100(y — cost) —sint, ¢ >0, (6.74)

y(0)=0,

with solution y(t) = —e 1% 4 cost (A = —100). The solution is approximated using the Back-
ward Euler and the Trapezoidal method, in both cases with time step size 0.2. The size of the
transient region is of order 0.01, which means that the first time step already exceeds this region.
This means that the first local truncation error is large. The ease with which the global trunca-
tion error diminishes differs, as can be seen in Figure 6.5. Comparing the approximations to the
solution makes it clearly visible how the neglected transient influences the global truncation er-
ror. The Backward Euler method is favorable: after four time steps the solution curve is almost
reached. The Trapezoidal method needs more time steps to let the large initial local truncation
error decay enough. This can be explained using the amplification factors of these methods (re-
member equations (6.15b) and (6.15¢)):

Backward Euler method:  |Q(AAt)] ‘ i ‘ = ‘ m ‘ %~ 0.048,
. . o |L+gAAel 0 |1-310002| 9
Trapezoidal method: |Q(AAt)| = vy 10002 7 ~ 082

Using these amplification factors in equation (6.73) shows that the initial local truncation error is
damped out much faster when the Backward Euler method is used.
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---Exact ---Exact

15k — Backward Euler method 15k — Trapezoidal method

(a) Backward Euler method (b) Trapezoidal method

Figure 6.5: Approximation of the solution to problem (6.74) using implicit methods, At = 0.2.

Systems

In practice, stiffness is often encountered in systems. For systems of the form y’ = Ay + f, the
solution is given by the sum of the homogeneous and the particular solution. The system is stiff
if at least either of the following criteria is satisfied:

e Some of the real parts of the eigenvalues are strongly negative, whereas some of the other
eigenvalues have a real part close to zero;

e The particular solution varies much more slowly than the homogeneous solution does.

In both cases, the essential feature is that the solution contains two timescales: a fast transient
(which determines numerical stability of explicit time-integration methods) and a slowly-varying
component.

Example 6.10.2 (Stiff systems)

Stiffness in systems occurs mostly in the following form. Suppose, for example, that y’ = Ay,
where A is a 2 X 2 matrix, having eigenvalues A; = —1 and A; = —10000. The solution is of
the form y(t) = cyvie™ + cpve 199 in which v; and v, are the eigenvectors of A and the
integration constants c; and ¢ are determined by the initial conditions of the two variables. The
term proportional to e~ 190% plays the role of the transient: this term vanishes much sooner than
the term containing e . The latter is slowly-varying compared to the transient and plays the role
of the quasi-stationary solution. However, the transient still determines the stability condition
(Forward Euler method: At < 2/10000) over the whole domain of integration. This inhibits
adaptation of the time step to the relatively slowly-varying quasi-stationary part containing ™.

Definition 6.10.1 (Superstability) A numerical method is called superstable if it is stable and

lim |Q(AAF)| < 1.

ANt— —00

Figure 6.6 shows that the Backward Euler method is superstable, whereas for the Trapezoidal
method,
lim |Q(AAt)| = 1.

AANt— —00

This means that initial perturbations in the fast components do not decay, or decay very slowly
when using the Trapezoidal method.
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= = = Backward Euler method
— Trapezoidal method Q(AAL)

Figure 6.6: Amplification factors of the Backward Euler and Trapezoidal method.

This section only dealt with a simple system of differential equations, but stiffness may also
occur in more complicated systems. Also in that case, implicit methods are to be recommended.
However, at each time step, a nonlinear system of equations has to be solved, which increase the
computational cost considerably. Therefore, the choice of a method is often a matter of careful
consideration and explicit methods cannot be ruled out beforehand.

6.11 Multi-step methods *

All methods discussed so far in this chapter are single-step methods: the approximation at ¢,
depends solely on information of the previous point in time t,. Although various methods use
function evaluations at intermediate points, this information is only obtained and used inside the
interval [t £, 1]

Since approximations at times tg, t1, .. ., t, are available, it seems reasonable to develop methods
that use this information to design higher-order approximations. These methods are called multi-
step methods. In general, (-step methods require a single-step method (ideally of the same order)
to create the required number of wy, wy, ..., w;_; values to start.

As a particular example of a two-step method, we consider the Adams-Bashforth method.

Adams-Bashforth method
For the derivation of the Adams-Bashforth method we start with the Trapezoidal method as
constructed in (6.8):

W1 = W + B (Fltwwn) + Fltr1, 1), (©75)

The method can be made explicit by extrapolating to ¢, using f(t,—1, w,—1) and f(t,, wy). The
linear interpolation polynomial based on t,,_; and ¢, is given by

: _At;l = (f(tn i) = fltn1,w1),

Li(t) = f(tp—1,wp—1) +

see equation (2.1). This means that L1 (t,+1) = 2f (tn, wn) — f(ty—1, wy—1), and using this instead
of f(ty+1, wy41) in (6.75), the Adams-Bashforth method is obtained:

3 1
Wyl = Wy + EAtf<tn/ Wy) — EAtf(tn—lz Wy-1)- (6.76)
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Note that only one function evaluation is required per time step, since f(t,_1, w,_1) has already
been computed during the previous time step.

For n = 1, only one previous value is known, which is based on the initial condition. In order
to compute a second value, a single-step method of the same order (in this case the Trapezoidal
method, or the Modified Euler method) is applied to the initial condition. Setting wg equal to
Yo and w; to the single-step approximation for time ¢, the multi-step method can be applied to
compute wy. For n > 2, the multi-step algorithm is applied.

Stability
For the test equation y’ = Ay, the time-integration method yields

Wyl = (1 + ;\At) Wy — %AAtwn,l. (6.77)
In order to compute the amplification factor, we assume that
wy, = QAANw,_; and w1 = Q(AAL)*w,_;.
Using this in equation (6.77) yields
2 3 1
Q(/\At) Wy—1 = 1+ E/\At Q(AAt)wn_l — E/\Atwn_l,
such that the amplification factor should satisfy
2 3 1
QAA)” — 1+ E/\At Q(AAL) + EAAt =0.
The roots of this quadratic polynomial are

1+3AAt++/D

Q1(AAt) = > ,
3 _
Q> (AAL) = M,

in which 9
D=1+ AAt+ Z(/\At)z.

As usual, the Adams-Bashforth method is stable if
|Q12(AAL)| < 1. (6.78)

The values of Qj »(AAt) are visualized in Figure 6.7. Note that stability bound (6.78) is satisfied
for all values of Q1(AAt), but |Q>(AAt)| < 1 implies AAt > —1 (see lower bound in Figure 6.7).
Therefore, the time step should be bounded by

1
At < ——
- A

in order to have a stable method.

Local truncation error
In order to derive the local truncation error, we use a Taylor expansion of the amplification fac-
tors. Here, we make use of the fact that for x sufficiently close to zero,

_ 1 1, 1 3
\/1+x—1—|—2x 8x +16x
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---Qi(AA)
— Q2(AAY) Q(AAL)

-
-

Figure 6.7: Amplification factors Q1 »(AAt) of the Adams-Bashforth method. The stability bounds
are also visualized.

Applying this expansion to approximate /D (taking x = AAt + 9/4(AAt)?) the amplification
factors equal

Q1(AAL) =1+ AAt+ %(AAt)z - jI(AAt)B + O(AtY),
Qa2 (AAL) = %/\At + O(AF?).

The use of Q1 (AAf) leads to a local truncation error for the test equation of (cf. equation (6.33))

AAE ANt
Ty = eA—Q;()yn — %A3At2yn +O(AP) = O(AR), 6.79)
whereas Q»(AAt) has a local truncation error of order O(1). This is the reason why Q1 (AAf) is
called the principal root, whereas Qa(AAt) is called the spurious root. This root does not belong to
the differential equation, but it is a consequence of the chosen numerical method.

Comparison with the Modified Euler method

Regarding stability the time step in the Adams-Bashforth method has to be chosen twice as small
as in the Modified Euler method. Since the Modified Euler method costs twice the amount of
work in each time step the methods are comparable in this respect.

To obtain reasonable accuracy we choose the time step in such a way that the local truncation
error, T, +1, is less than e. For the Adams-Bashforth method it follows that (using equation (6.79)
and neglecting higher-order terms)

1
5A3°

For the Modified Euler method, the local truncation error for the test equation is (using the am-
plification factor as given by equation (6.15d))

Atpp =

Tyl = %/\3At2 +0O(AP),
such that the same approach yields the time step

6¢

AtME == —F
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This means that the time step of the Adams-Bashforth method is 1/2/5 ~ 0.63 times the time step
of the Modified Euler method.

Because the Adams-Bashforth method reuses previous approximations, two steps of the Adams-
Bashforth method require the same amount of work as one step of the Modified Euler method.
This means that with the Adams-Bashforth method, the approximation at time interval 2At 43
can be computed using the same amount of work as with the Modified Euler method on interval
Atpp, whichis2-4/2/5 ~ 1.26 times as long as the Modified Euler method’s time interval. Hence
the Adams-Bashforth method requires less work than the Modified Euler method.

Discussion

Multi-step methods are less popular than Runge-Kutta methods. With multi-step methods start-
ing problems occur, since approximations should be known at several time steps. Moreover,
keeping track of the ‘spurious roots’ is a difficult matter. Finally, adaptive time-stepping is more
difficult to apply.

6.12 Summary

In this chapter, the following subjects have been discussed:

- Theory of initial-value problems;

- Elementary single-step methods (Forward Euler, Backward Euler, Trapezoidal, and Modi-
fied Euler method);

- Analysis of numerical time-integration methods:

- Test equation, amplification factor, stability;
- Local truncation error;
- Consistency, convergence, global truncation error;

Higher-order time-integration methods (RK4 method);
Global truncation error and Richardson error estimates;
Numerical methods for systems:

- Test system, amflification matrix, stability;
- Local and global truncation error;

- Stiff systems, superstability;
Multi-step method (Adams-Bashforth method).

6.13 Exercises

1. Use the Modified Euler method to approximate the solution to the initial-value problem
{ yY=1+(t—y)? 2<t<3,
y(2)=1,
with At = 0.5.

The solution is given by

1
]/(t) = t+m.

Determine the error in the numerical approximation.
2. The Midpoint method is given by

At At
Wyp1 = Wy + ALf(t, + 7'w" + Yf(tn,wn)).

Show that the local truncation error of the Midpoint method is O(A#?).
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. Determine the amplification factor of the Trapezoidal method. Estimate with this amplifica-

tion factor the local truncation error of the test equation. Show that the Trapezoidal method
is stable for all At > 0,if A < 0.

. Consider the nonlinear initial-value problem: i = 1+ (t — y)2. Give the stability condition

of the Modified Euler method at the point f =2 and y = 1.

. Consider the numerical time-integration method

wn+1 = Wy + ,BAtf(t?l/ w}’l)/
wn+1 == wn+1 + (1 - ﬁ)Atf(tn + lBAt, wn+1).
(a) Show that the local truncation error is O(At) for each value of . Moreover, show that
there is no B such that the truncation error is (’)(AtZ).
(b) Determine the amplification factor of this method.

(c) Consider the nonlinear differential equation y’ = 2y — 4y?. Determine the maximal
step size such that the method (with 8§ = 1/2) is stable in the neighborhood of y = 1/2.

. Perform a single step with the Forward Euler method with step size At = 0.1 for the system

yi=—4y1 — 2y + ¢,

yf7_=3]/1 + Y2, t>0,
yn(0)= 0,
y2(0) = —1.

. Perform a single step with the Forward Euler method for the initial-value problem

y(0)=0,
¥'(0)=0,

using step size At = 0.1. Determine the error with respect to the solution

{ y' =2y +y=tet —t, t>0,

1
y(t) = gt3et —tel 42t —t—2.

. Consider the equation of motion of the mathematical pendulum:

" +49p=0, t>0,

$(0)=0,
¢'(0) =0.

Write this as a first-order system. Is this system stable?

. Consider the system

y, = 1195y, — 1995y,
yh=1197y; —1997y,, t> 0,
)= 2
)= —2.

The solution is given by
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(a) Perform a single step with the Forward and Backward Euler method with At = 0.1
and compare the results with the exact answer.

(b) Determine for which step sizes the Forward Euler method is stable.

(c) Perform a single step with the Forward and Backward Euler method with At = 0.0001
and compare the results with the exact answer.

What is your conclusion?

10. Consider the initial-value problem

{ yY=y—t2+1, t>0,
y(0)=1.

Approximate y(0.1) = 0.6574145 with the Forward Euler method, using At = 0.025, and
the RK4 method, using At = 0.1. Which method is to be preferred?

11. The solution to an initial-value problem is approximated with two different methods. Both
methods have used step sizes At = 0.1,0.05,0.025. The numerical approximations at the
point T = 1 are tabulated below. Determine the order p of the global truncation error of
both methods.

Table 6.6: Solution approximations of an initial-value problem at T = 1, computed by two differ-

ent methods.
At method 1 method 2

0.1 0.752790  0.710791
0.05 0.750686  0.730912
0.025 0.750180  0.740587
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Chapter 7

The finite-difference method for
boundary-value problems

7.1 Introduction

Many applications can be simulated by solving a boundary-value problem. A one-dimensional
boundary-value problem consists of a differential equation on a line segment, where the function
and/or its derivatives are given at both boundary points.

Stationary heat conduction in a bar
As an example we consider the temperature distribution in a bar with length L and cross-sectional

area A (Figure 7.1).
) ) )

0 X x+Ax L

Figure 7.1: Bar with length L and cross-sectional area A.

We denote the temperature in the bar by T(x) (measured in K), and assume that the temperature
is known at both ends: T(0) = T; and T(L) = T;. Further, heat is assumed to be generated inside
the bar. We denote this heat production by Q(x) (J/(m%s)). In general, the temperature profile
evolves over time towards a steady state. In this example we are interested in the temperature
after a long period of time, i.e. the steady-state temperature. For the derivation of the differential
equation the energy conservation law is applied to the control volume between x and x + Ax (see
Figure 7.1).

There is heat transport by conduction through the faces in x and x + Ax. According to Fourier’s
law this heat transport per unit area and per unit time is called the heat flow density, and equals

aTr
() = ~A%-(0),
where A (J/(msK)) is called the heat-conduction coefficient. For the control volume between x and
x + Ax, the energy balance should be satisfied: the total heat outflow at x + Ax minus the total
heat inflow at x should equal the amount of heat produced in this segment. This can be expressed
as

dT dT
—AAE(x + Ax) + AAE(x) = AQ(x)Ax.
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Division by AAx yields
%(x + Ax) — %(x)

- = Q).

The corresponding boundary-value problem is obtained by letting Ax — 0:

—-A

“AT(x)=Q(x), 0<x<lL,

dxz
T(0)=T, 1)
T(L)=T,.

This example will often be used in this chapter to illustrate the finite-difference method.

In some applications the heat flux rather than the temperature is known at one of the end points
of the bar. If this is the case at x = L, then Fourier’s law leads to the boundary condition

T
_/\E(L) =qL,

in which g, (J/(m?s)) is known.

7.2 The finite-difference method

The general form of a linear boundary-value problem of the second order in one dimension is
—(p(x)y'(x)) +r(x)y'(x) +9(x)y(x) = f(x), 0<x<L,
with boundary conditions
aoy(O) + boy/(O) =c¢9 and aLy(L) + bLy/(L) =Cr.

We assume that p(x) > 0 and g(x) > 0 for all x € [0, L]. Note that the boundary-value problem
does not have a unique solution when gy = a; = 0 and g(x) =0, 0 < x < L (if solutions exist at
all). The following terms will be used to describe the boundary conditions (we confine ourselves
tox =0):
Dirichlet boundary condition: agy(0) = ¢y, hence by =0,
Neumann boundary condition: boy’(0) = ¢y, hence gy = 0,
Robin boundary condition: ag # 0 and by # 0.

In this chapter, we apply the finite-difference method to approximate the solution to a boundary-
value problem. The key principle of this approach is to replace all derivatives in the differential
equation by difference formulae (Chapter 3) and to neglect truncation errors. In this way, a dis-
crete approximation w for the solution y is obtained.

Example 7.2.1 (Boundary-value problem with homogeneous Dirichlet boundary conditions)

In this example, we describe the finite-difference method for the boundary-value problem

{ —y"(x) +q(x)y(x) = f(x), 0<x<1,

x

y(0)=0, (7.2)
y(1)=0.

First, the interval [0, 1] is divided into n + 1 equidistant subintervals with length Ax = 1/(n +1).

The nodes are given by x; = jAx for j = 0,...,n +1 (see Figure 7.2). The approximation of the
solution to problem (7.2) will be represented on these nodes.
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X0 X1 X2 Xn  Xn41

| | | |
l l [ |

|
|
0 Ax 2Ax nAx 1

Figure 7.2: Discretization of the domain. The solution is approximated in the nodes xy, ..., X 41.

The numerical approximation of y; = y(x;) is denoted by w;, which is computed using the dif-
ferential equation in x;:

—yi +qyi=f;, 1<j<n (7.3)
Note that the solutions at j = 0 and j = n + 1 are known: ¥y = y,4+1 = 0 (boundary conditions).

The finite-difference method approximates the second derivative in equation (7.3) by a central-
difference formula (equation (3.8)) to obtain

S L qwi=f, 1<j<n. (7.4)

The values wy and w,, 11 follow from the boundary conditions: wy = w,,4+1 = 0.

Difference scheme (7.4) yields n equations for unknowns wy, ..., wy. This relation can be ex-
pressed in matrix-vector form as

Aw = f, (7.5)
with A = K+ M, where K and M are given by
2 -1
-1 2 -1 @

. . M @
. %) In

@ -1 2 -1

-1 2

The vectors w and f are: w = (wq, . .., wy) " and f = (f1,-- .,fn)T.
Example 7.2.2 (Boundary-value problem, nonhomogeneous Dirichlet boundary conditions)

Similar to example 7.2.1, we investigate the finite-difference method for the boundary-value

problem
=y (x) +q(x)y(x)= f(x), 0<x<1,
y(0)=a,
y(1)=p8

In this case, the finite-difference formula for j = 1 satisfies

a — 2wy + wy
_T + q1wq :flr

which is equivalent to
—2w1 + wy

Ax?
Similarly, the equation for j = n is given by

+qw —f+i
Nw1 =1+ 2373

Wy—1 — 2Wy
Ax?

This leads to the following matrix-vector form:

+ qnwn :fn“‘ %

Aw =f+r,

where A, w and f are defined as in example 7.2.1, and r = 1/Ax2 - («,0,...,0, ,B)T
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7.3 Some concepts from Linear Algebra

In order to estimate the global accuracy of the numerical approximation, it is necessary to first
recall several concepts from Linear Algebra. Herewith, the difference between the numerical
approximation w; and the solution y; of the boundary-value problem will be analyzed.

Definition 7.3.1 (Scaled Euclidean norm of a vector) The scaled Euclidean norm of a vector w € R"

is defined as
n
Iwil = 2

Definition 7.3.2 (Subordinate matrix norm) The natural, or subordinate, matrix norm, related to
the vector norm ||| is defined as

:I»—\

1Al = max, [Aw]].

Letx =y/||ly||, where y € R", y # 0. Then, by definition, ||x|| = 1, and

1Al = X, [Aw || > [[Ax] = HAH T I = T H Ay|l.

Hence, for each vector y € R”, we have

[Ay[l < [|A[l- [yl (7.7)

Condition number

Suppose we are interested in the vector w, satisfying Aw = f. If the right-hand side £ is perturbed
with an error Af, then as a consequence the solution w will contain an error Aw. This means that
we solve

AW+ Aw) = f+ Af.

Using that Aw = f and AAw = Af, inequality (7.7) yields that ||f|| = ||[Aw]| < ||A]| - |[w]|, such
that
1
[[wll

A _ -
< IR and jawl = A st < a1 at]
and the relative error equals
[Aw||
lw

Af|
1€l

<l e 79
The quantity x(A) = ||A|| - ||A~!|| is called the condition number of the matrix A. A large condition
number implies that a small relative error in the right-hand side f may result in a large relative
error in the approximation w.

For a symmetric matrix A, the eigenvalues, A4, ..., A;, are real valued, and

1 1
1

- S — . 7.9
| | Al min 131].121\/\]‘\ #9)

HAH = |A|max = max |)\]| and HA7
1<j<n

Hence k(A) = |A|max/ |A|min: it is sufficient to know the largest and smallest absolute eigenvalue
(at least approximately) to compute the condition number of a symmetric matrix or an estimate
to it.

A useful theorem to estimate these extremal eigenvalues is the Gershgorin circle theorem:
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Theorem 7.3.1 (Gershgorin circle theorem) The eigenvalues of a general n x n matrix A are located
in the complex plane in the union of circles

n
|z —aji| <Y |ajj| where zeC.
j#i
j=1
Proof
Suppose Av = Av. By definition, component v; satisfies

n n
a;jvj = Av;,  suchthat a;0;+ Z a;jvj = Av;.
j=1

j#i
j=1
Therefore,

n
(/\ — aii)vi = Z ai]-vj.
J#i
j=1
Next, we assume that v; is the largest component in modulus of v. Using this assumption and
the triangle inequality (Theorem 1.6.1) it follows that

n ‘0]| n

A —a;| < ZVH;\W < ) lail.
j# g
j=1 j=1

This relation holds for each eigenvalue and each possible eigenvector. Therefore, the complete
set of eigenvalues is found in the union of these circles in the complex plane. X

Example 7.3.1 (Gershgorin circle theorem)

In this example, the eigenvalues of the matrix

2 -1
=4 2)
are estimated using the Gershgorin circle theorem. Following the theorem, the eigenvalues

should satisfy |A —2| < 1. Note that the eigenvalues are A; = 1, A, = 3, which indeed sat-
isfy this condition.

7.4 Consistency, stability and convergence

Next, we want to show that the difference between the numerical approximation and the solution
tends to zero if the step size Ax tends to zero. To prove this, first some important concepts will
be defined.

Definition 7.4.1 (Local truncation error) The local truncation error € of the scheme Aw = £ is defined
as

e =Ay — Aw = Ay — f,
where the components y; = y(xj) of the solution y are the exact values in the nodes x;: y; = y(x;), and
w is the corresponding numerical approximation.

As an example, we investigate the local truncation error for the finite-difference discretization
(7.4) in example 7.2.1. Using the error estimate for the central-difference discretization of the
second derivative (Section 3.6), row j of Ay equals

—Yi-1+2Yji —Yj+1
Ax?

+ajyj = —y! + O(Ax?) + gy,
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such that
e=Ay—f=—y' +0(A?) +qy' —f (7.10)

and g; = O(sz),j =1,...,n.

Definition 7.4.2 (Consistency) A finite-difference scheme is called consistent if

lim |le]| = 0.

Ax—0
For the boundary-value problem in example 7.2.1, ||e|]| = O(Ax?), hence system (7.5) is consis-
tent.

Definition 7.4.3 (Stability) A finite-difference scheme is called stable if A~ exists and if there exists a
constant C, independent of Ax, such that

A7 <C, for Ax—0.
Example 7.4.1 (Boundary-value problem)

In this example, example 7.2.1 is revisited. Note that the derived matrix A in this example is
symmetric. This means that the eigenvalues are real and that (using equation (7.9))

1
|A|min'

We investigate two different cases (recall that g(x) > 0 in this chapter):

A= =

e If 0 < gmin < g(x) < gmax for all x € [0, 1], then the Gershgorin circle theorem implies that
the eigenvalues of A are located in the union of

and because the eigenvalues are real, the following union of intervals is found:

4
<z<g+—,j=1,...,n
q]*'zfq]_‘_Ax ) n

This means that
4 .
qming/\qumax"_m for ]:1,...,1’1.

From this it follows that ||A™!|| < 1/gmin, hence the scheme is stable.

e If g(x) = 0 for all x € [0,1], then the Gershgorin circle theorem is of no use to estimate
the smallest eigenvalue, since in that case the theorem gives no bound for the matrix norm
| A~1||. Without proof we note that the eigenvalues of A = K are

_ 2—2cosjAxm

Aj A2 j=1...,n (7.11)
This yields
2 —2cosAxm 5
Amin = T A2 ~ T,

which implies that also for 4 = 0 the scheme is stable.

Definition 7.4.4 (Global truncation error) The global truncation error of a finite-difference scheme is
definedase =y —w.
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Definition 7.4.5 (Convergence) A scheme is called convergent if the global truncation error satisfies
lim ||e|| =0.
Ax—0

The next theorem provides a relation between the concepts consistency, stability and conver-
gence.

Theorem 7.4.1 If a scheme is stable and consistent, then that scheme is convergent.

Proof:

The global truncation error is related to the local truncation error (Ae = A(y —w) = &), and
hence e = A~'e. Taking norms and applying inequality (7.7) yields |le|| < ||A~!|| |l&||. From
stability and consistency it then follows that lima,_¢ ||e|| = 0. X

Note that consistency in itself is insufficient for convergence. Again it is true, that the order of
the global truncation error equals the order of the local truncation error.

Example 7.4.2 (Convergence)

In this example, the heat transport in a bar (Section 7.1) is described by the boundary-value
problem

-y =25, 0<x<1,

y(0)=0, (7.12)

y(1)=0.
Note that this problem is related to system (7.1), where y denotes the temperature in the bar, and
the production term Q(x) is given by 25¢°* (we expect positive temperatures inside the bar). The
solution is given by

y(x) = =+ (=1+€)x + 1.

In Figure 7.3(a) the solution is plotted, together with the numerical approximations (computed
using the finite-difference approach of Section 7.2) for different values of Ax. The numerical
approximation converges rapidly to the solution. In a practical situation, the accuracy obtained
with step size Ax = 1/16 will probably be sufficient.

Next, heat dissipation is included in the boundary-value problem. This leads to

—y"+9y=125¢%, 0<x<]1,
y(0)=0, (7.13)
y(1)=0,

in which the term 9y describes heat dissipation to the environment, proportional to the temper-
ature. The solution and the numerical approximation are plotted in Figure 7.3(b). Note that the
maximal temperature is definitely lower than without dissipation (Figure 7.3(a)). For the rest,
there is little difference between the convergence behavior of both problems.

7.5 Conditioning of the discretization matrix *

In this section, the boundary-value problem as stated in example 7.2.1 will be revisited to study
the condition number of the discretization matrix. From example 7.4.1 it follows that the mini-
mum and maximum eigenvalue when g(x) = 0, 0 < x < 1 are approximated by

4

4
)\min =~ 7'[2, )\max =~ @, and K(A) ~ W

If Ax tends to zero, then the condition number of A is unbounded which is not desirable, since
this would mean that perturbations in the right-hand side f could lead to arbitrarily large errors
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Figure 7.3: Exact solution and numerical approximation of the temperature distribution in a bar,
without (problem (7.12)) or with (problem (7.13)) dissipation.

in the approximation. It turns out that the derivation of the relative error in equation (7.8) was
too pessimistic. A more realistic estimate is found by writing

_ 1
law] = [ATAf]| < ]| Af].
| |m1n

Hence the relative error satisfies

lawl 1 Jf] A 1af]
S . = K £f A —_—
Wl = A Twll T et ) T

The role of x(A) in this expression is taken over by the effective condition number

1]l

We know that Ay &~ 7% and in many applications ||f||/||w|| is bounded as Ax tends to zero,
hence the effective condition number is, in fact, bounded. Although this estimate is more accurate
than the original condition number, it is more difficult to compute, since (an estimate for) w is
required.

Keff<A) = )\

min H

7.6 Neumann boundary condition

In the previous sections, boundary-value problems with two Dirichlet boundary conditions were
considered. In this section, we provide a method to deal with Neumann boundary conditions.

Example 7.6.1 (Boundary-value problem with Neumann boundary condition)

Here, the boundary-value problem of example 7.2.1 is slightly modified to include a Neumann
boundary condition on the right boundary:

-y +q(x)y=f(x), 0<x<1,
—0, (7.14)
0
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In this case, w41 is no longer known, as it was for a Dirichlet boundary condition. Therefore, the
discretization should also include an equation for j = n 4 1, such that a system of n + 1 equations
with n 4+ 1 unknowns, w1, . .., w, 1 has to be solved. For j = n 4+ 1 we have

—Wp + 2Wp 41 — Wyt
Ax?

+ G 1Wns1 = fur1- (7.15)

Note that w,,;, does not exist, since x,.1 = 1 is the right boundary of the domain. In order to
approximate w,, 1 properly, a virtual point x,, 1 = (n+2)Ax = 1+ Ax is introduced (see Figure
7.4).

X0 X1 X2 Xn  Xn+l Xni2

| | | | |
l l [ I 1

|
|
0 Ax 2Ax niAx 1 1+ Ax

Figure 7.4: Discretization of the domain, with a virtual node x,,;5. The solution is approximated
in the nodes xg, ..., X, 11.

The value of w,, ., follows from discretization of the Neumann boundary condition using central
differences (equation (3.5)):
Wni2 — Wn _
2Ax
This implies w,, 1, = wy,. We substitute this into (7.15) and divide by two (to preserve symmetry

of the matrix) to obtain

— Wy + Wy 1 1
nAixszr + 51 Wnt1 = 5 fu- (7.16)

This means that we should solve Aw = £, where the symmetric matrix A can be written as
A =K+ M, with

2 -1
1 2 -1 % n 2z
. .
1(:E and M = .. ’
N .
2 -1 2 -1 " g
_1 1 2

w=(wy,...,wy1) and £ = (f1,..., fu, fus1/2)".

Next, the error behavior for this system of equations is considered. Recall from Section 7.4 that
the discretization of the internal domain and Dirichlet boundary yields a local truncation error of
order O(Ax?) (equation (7.10)). For the Neumann-boundary discretization in equation (7.16), the
local truncation error can be computed using the Taylor expansion of vy, and y,,1, about x,,1:

Ax? Ax3
Yn = Ynt1 — DXYyq + > Y1~ 31 S Y1+ O(Ax*),

Ax? Ax3
Yni2 = Yni1 + DXy + > —VYnt1 t+ 30 — Vb1 + O(Ax*).

Using that i, ., = 0, this means that y,,1» = y» + O(Ax?), such that the replacement of y,,;2 by
Yn in the discretization of the Neumann boundary yields a local truncation error of order O(Ax).
This means that the local truncation error can be written as

Ay — f = & = Ax*u + Axv,
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where Ax?u results from the inner local truncation error (as was already found in equation (7.10)),
and the component Axv belongs to the local truncation error due to the Neumann boundary:
v = (0,...,0,0,41) ", with v,.1 = O(1). Note that the order of the local truncation error is
different from the order of a boundary-value problem with pure Dirichlet boundary conditions.

It turns out that the global truncation error still remains of order O(Ax?). This claim will be
shown for g(x) = 0, 0 < x < 1, which results in a stable system. The global truncation error is
split as follows:

e=Ale=A""1 (szu + Axv) =e + e,

By construction, |leV)| = O(Ax?). For e?), it holds that e]@ = Ax*v,11j,j =1,...,n+ 1. This
can be shown by verifying that Ae(?) = Axv. The jth component of Ae® equals

?) | 5,2 _ 0 . L
Aoy — G124 TG AP (<= 1) 42— (+1) _
(Aet™); = Ax? N Ax? =0

ifj=2,...,n,and similarly forj =1, (Ae(z))l = 0. Forj =n+1, we have

2 (2 3
—ey +e Ax°v —n+(n+1
<1Ae(2))n+1 _ n — n+l YH—]( i ( )) = AXUp41,

hence indeed, Ae® = Axv.

By construction, Axj < 1 (size of domain), such that e](.z) < Ax?v, ;1. Therefore, |[e(?)|| = O(Ax?),
and the global truncation error satisfies ||e| = O(Ax?).

For q # 0, the same orders of the local and global truncation error are found, but the details are
beyond the scope of this book.

7.7 The general problem *

In this section, a general boundary-value problem on [0, 1] is considered, given by

{ —(p()y' ()" + r(x)y’' (x) + q(x)y(x)

flx), 0<x<1,

where we assume p(x) > 0 on [0, 1].

The discretization in an interior node X; reads

1@ —w) +pi_ 1 (W —wia)  wig —w ‘
: Y T g = =1+l (17)

Note that if r; # 0, then the discretization matrix is not symmetric.

The boundary condition in x = 0 yields wy = & which may be substituted directly into (7.17) for
j=1

For j = n + 1, the discretization is

_pn+% (wn+2 - wn+l) + pn+% (wn+l - wn)
Ax?

Wy4p — W
% +Gn1Wns1 = fur1. (7.18)

+ "yl
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As in Section 7.6, a virtual grid point, x,,42, is added to the domain. In order to remove the term
—Pni3/2(Wyt2 — wy41) in equation (7.18), we discretize boundary condition p(1)y'(1) = B by
averaging the approximations for

Ax Ax
pn+%y’<l—7> and pn+§y'<l+7).

1 w —w w —w
<pn+% n+1 n +P n+2 n+1> :/3/

This means that

2 Ax n+3 Ax
such that
Pnt3 (W2 — Wpy1) = “Putl (Wn 41— wn) +20xP.
Replacing this term in equation (7.18) and using that (w42 — wy)/(2Ax) = B/p(1) yields
an+l (Wpg1 — wn) r 2
2 n+l/3 _ _:B
Ax2 P(l) + Jn1Wn11 —fn+l+ Ax

7.8 Convection-diffusion equation

In the previous section the discretization for a general boundary-value problem was derived
by applying a central-difference scheme. However, if a second-order boundary-value problem
also contains a first-order derivative, this may lead to (physically) unacceptable approximations.
This will be illustrated both analytically and numerically for a specific type of boundary-value
problems for the convection-diffusion equations.

Example 7.8.1 (Convection-diffusion equation)

An analytical investigation of boundary-value problems for convection-diffusion equations will
be established using
-y (x)+ovy'(x)=0, 0<x<1,
y(0)=0, (7.19)
y(1)=1,
with v € R. This equation can be interpreted as a heat-transfer problem. Heat transport is caused
by conduction (diffusion, the term —y"), and by a flowing medium (convection, the term vy’).

It can be verified that the solution to this boundary-value problem is given by

evr —1
y(x)_ ey_l‘

The solution increases strictly over the region [0, 1] and therefore numerical approximations that
contain any oscillations will be rejected. However, a careless discretization of boundary-value
problem (7.19) can result in a numerical approximation that contains (spurious) oscillations.

Central differences
Using the same subintervals and nodes as in example 7.2.1, the central-difference discretization
at interior nodes x; is given by

Wwj—1 — 2ZUj +Wjg1 ijH —w;j
Ax? 2Ax
Together with the boundary conditions, this leads to a system of equations Aw = f, in which

L _0,j=1...,n (7.20)

2 —1+ %<
A A
. —1— 25 2 —14 3% @
= a2 ’
%) —1-— 25 2 —1+ 2%

-2
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w= (wl,...,wn)T,andf = 1/Ax2~(O,...,O,l—vAx/Z)T.

Equation (7.20) is a linear difference equation, and it is known that its solution is of the form
w;j = 1/, for some unknown quantity r. Substitution of w; = 7/ into equation (7.20) yields after

multiplication by Ax?:

) ) ) Ax ) ) A
—rl = o — it 4 %(1’]+1 —r )y =41 (—(r2 —2r+1)+ vz—x(r2 - 1)) =0,
which is satisfied if
»  0Ax
r=0 or (r—1) :T(r—l—l)(r—l). (7.21)
The solution r = 0 is the trivial solution. The roots of interest are given by
14 24x
n=1 rn= - & vAx # 2. (7.22)
2

The solution to difference equation (7.20) can be written as w; = ar]i + bré. The constants 2 and b
follow from the boundary conditions wy = 0 and w,,1 = 1, such that we arrive at

j
1-7,

n+1"

7.23
1—r, ( )

Note that w; becomes oscillatory if r, < 0, since r]2 in that case is positive if j is even, and neg-
ative if j is odd. This happens if |[v|Ax > 2. Hence, in order to obtain monotone solutions, we
require |[v|Ax < 2. In practice, the velocity is a given parameter, such that stability may require
impractically small subintervals of size Ax < 2/|v|.

Upwind differences
A common remedy is to use upwind discretizations. In this discretization, vy; is approximated

using one-sided differences:

/ o X;’H, if v>0 (upwind difference),
Uy] =~
z;w”Alx_wj if v<0 (downwind difference).

For v > 0, the corresponding discretization equals

Wi — 2w + wjiq W — wi_q
_ ] e ]

Ax2 Ax

=0. (7.24)

Application of the same trial solution w; = #1, division by #/~1, multiplication by Ax?> and some
rearrangement results in the non-trivial roots

vAx(r—1) = (r—1)?,

with solutions #; =1, r; = 1 +vAx > 0. These values reassure that the numerical approximation
(7.23) is non-oscillatory, and therefore admissible for all possible choices of Ax > 0.

A similar conclusion can be drawn for v < 0.

An example of the results using either central or upwind differences is depicted in Figure 7.5.
Here, we take v = 30 and Ax = 0.1, such that |[v|Ax > 2. Note that indeed, the central-difference
approximation is oscillatory, whereas the upwind-difference approximation is monotone.

It should be noticed that despite the desired physically correct behavior of the numerical approxi-
mation, the global truncation error of the upwind-difference discretization is of order O (Ax) only.
Thus, the price to pay for non-oscillatory physically meaningful approximations with reasonable
values for Ax is a lower order of accuracy. Without further details, we state that in practice more
advanced methods are used to solve convection-diffusion equations.
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Figure 7.5: Approximation of the solution to convection-diffusion problem (7.19) for v = 30,
Ax =0.1.

Example 7.8.2 (Convection-diffusion equation)

In this example, the numerical results for the boundary-value problem
-y +oy'=1, 0<x<1,
y(0)=0, (7.25)
y(1)=0.

will be computed, using both a central and an upwind discretization. The solution to this convec-
tion-diffusion equation is given by

(x) = 1 . 1—e%*

=5 1—e )’

Although the solution to this convection-diffusion equation is not monotone as was the case in
example 7.8.1, a similar behavior is found.

Approximations of the solution are determined with stepsize Ax = 0.1 for various values of the
velocity v (see Figure 7.6).

For v = 10, we have vAx < 2. Therefore, the central-difference approximation does not introduce
any spurious oscillations. Since the global truncation error is of order O(Ax?), this results into a
more accurate approximation than upwind discretization (which is of order O(Ax)). If v = 20,
then vAx = 2, such that the discretization at node x;, is given by

w,_1 — 2wy +w w — Wy— 2 2
_ Wh-1 o n+1 v n+12Axn 1:_an_1+mwn:1.
Since the term with w,, 11 has been cancelled, the boundary condition in x = 1 does not have any
effect on the rest of the central-difference approximation. However, for this example the result
is still quite accurate. For v = 100 the central-discretization scheme produces oscillations in the
approximation, and the errors are large. A more accurate approximation for v = 100 is found
using the upwind-discretization scheme.

7.9 Nonlinear boundary-value problems

Consider a nonlinear boundary-value problem of the following form:
—(py")' +g(, y,x)=0, 0<x<1,
y(0)=0, (7.26)
y(1)=0.
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Figure 7.6: Approximation of the solution to convection-diffusion problem (7.25) for different
values of v, Ax = 0.1.

The general approach to solve (7.26) uses an iterative process of Chapter 4 in which only linear
equations have to be solved. The derived linear boundary-value problems are solved using the
finite-difference schemes as explained in earlier sections. The iterative method generates a series

of iterates y(?), (1), ... in such a way that y("™) — y, m — co where y is the solution to (7.26).

7.9.1 Picard iteration

The iterative method of Picard approximates the solution to boundary-value problem (7.26) by
determining y("™) from

Here, the finite-difference approach is used to approximate the derivative of the m — 1th and the
mth iterate.
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7.9.2 Newton-Raphson method

The Newton-Raphson method is based on linearization of g about (y("~1, y("=1)).

gy x) =gy, ym D )+ (v —y "+ (y —ymV)g
in which 5 5
_ 98 ( (m=1)r  (m—1) _ 98 (m=1)r  (m=1)
r=gy Wy and g =g (VLY x).

The corresponding iterative method determines y(") from

_(Py(m)/)/ + ry(m)/ + qy(m) _ y(m_l)/r + y(m—l)q _ g(y(m—l)/’y(m—l),x),
y(O) =0,
0.

710 Summary

In this chapter, the following subjects have been discussed:

- Boundary-value problems;

- Dirichlet, Neumann, Robin boundary condition;

- Finite-difference schemes;

- Norms, condition numbers, Gershgorin circle theorem;
- Local truncation error, consistency;

- Stability;

- Global truncation error, convergence;

- Implementation of Neumann boundary condition;
- Convection-diffusion problem;

- Upwind discretization;

- Nonlinear boundary-value problem.

7.11 Exercises
1. Consider matrices A1 and A, given by
2 1 100 99
Al—(l 2 ) a“dAZ—( 99 100)‘
Determine the condition number of both matrices. Determine the solution to A,w = f in

which f = (199,199)T. Take Af = (1,0). Estimate ||Aw/|| using the condition number.
Determine Aw and compare ||Aw|| with your estimate.

2. Consider the boundary-value problem

{ y'(x)= g(y(x) -x), 0<x<1,
0

~

(a) By discretization we obtain a system of linear equations Aw = f. Determine A and f
for a general value of Ax.

(b) Estimate the largest and smallest eigenvalue of A.

(c) Estimate ||Aw/| /||w]| if || Af]| /| f]] < 10~%.



118 Numerical Methods for Ordinary Differential Equations

3. Consider the boundary-value problem

—y"(x)=sinx, 0<x<mI,
y(0)=0,
y(m)=0.

Determine the solution y, and the numerical approximation w, with n = 2. Compute
y] — w]-, ] = 1,2.

4. Consider the boundary-value problem

-y +y=0, 0<x<1,
y(O) =1,
y'(1)=0

Discretize this problem using the nodes xop = 0, x; = 2/7, xp = 4/7, x3 = 6/7 and
x4 = 8/7. Determine the discretization matrix A. Is A symmetric or nonsymmetric? Are
the eigenvalues positive?



Chapter 8

The instationary heat equation *

8.1 Introduction

The time-dependent temperature distribution in a bar can be described by a parabolic partial
differential equation. To solve that kind of initial- and boundary-value problems methods from
Chapters 6 and 7 will be combined.

As an example, we consider the temperature distribution in a bar (Figure 8.1).

7 )

b BCBC+AX L

Figure 8.1: Bar with length L and cross-sectional area A.

We denote the temperature by T(x, ) (measured in K). We assume that the temperature is known
atboth ends T(0,t) = T; and T(L,t) = T, and that the initial temperature at t = 0 is given by
T(x,t) = Ty(x). The heat production in the bar is denoted by Q(x,t) (J/(m%s)). To derive the
heat equation we use the energy conservation law applied to the control volume between x and
x + Ax and between the points in time t and t + At. According to Fourier’s law the heat flow
density is given by

o7

(1) = —A5-(x1),

where A(]/(msK)) is the heat-conduction coefficient.

The energy balance on the control volume is given by
oT oT
pcT(x,t+ At)AAx = pcT(x,t) AAx — /\$ (x, t) AAE + /\$

in which p(kg/m?) is the mass density, and c(J/(kgK)) is the specific heat. After dividing by
AAxAt and rearranging the terms we obtain

(x4 Ax, t) ANt + Q(x, t) AAxAL,

T t+ A1) — T(x,1) _/\3—§(x+Ax,t) — 9 (x,t) o
At N Ax ‘

Taking the limits Ax — 0 and At — 0 yields the following initial-boundary-value problem:

T(0,t)=T)(t), T(Lt)=Ts(t), 0<t,

{ pcll =221+ Q, 0<x<L 0<t,
T(x,0)= To(x), 0<x<L.
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8.2 Semi-discretization

In this chapter, the space and time discretizations will be exhibited for a simple heat problem.
There is a clear difference between an explicit (Forward Euler) and an implicit (Backward Euler)
method of time integration.

Example 8.2.1 (Heat-conduction problem)

We consider the following heat-conduction problem:

ady _ azy 0

3 = 3:2 <x<1l, 0<t<T,
y(0,H)=yr(t), y(Lt)=yr(t), 0<t<T, (8.1)
y(x,0) = yo(x), 0<x<1.

We discretize (8.1) in the x-direction by means of the finite-difference method (Chapter 7). The
interval [0,1] is divided into n 4+ 1 equal parts with length Ax, where the nodes are given by
x; =iAx,i=0,...,n+ 1. We denote the numerical approximation of y(x;, t) by u;(t). The vector
u(t) is given by u(t) = (u1(t),...,un(t))". The values at the boundary points are omitted,
because they are known from the boundary conditions. Using the techniques from Chapter 7 we
obtain the following system of first-order ordinary differential equations

B —Kutr, 0<t<T

dt ’ =4

{ u(0) = yo 52

The matrix K and vector r are given by

-2 1
1 -2 1 %)
K= and 1=~ (y.(£),0,...,0,yr(E)T
- sz - sz yL /Yoo U YR .
@ 1 -2 1

1 -2

This is called semi-discretization (or method of lines), because discretization has been applied to
the spatial x-direction but not to the temporal t-direction. Note that the eigenvalues A; of K
satisfy (cf. the Gershgorin circle theorem) A; < O forall j = 1,...,n — 1. This implies stability
of the semi-discrete system. In the boundary-value problems of Chapter 7, —y” was considered.
Therefore, the matrix K differs in sign from the matrix in equation (7.6).

8.3 Time integration

System (8.2) may be integrated in time by one of the methods from Chapter 6. The solution
is approximated at times t; = jAt, using m time steps of length At = T/m. The numerical

approximation of the temperature at position iAx and time jAt is denoted by w{ (which ap-
proximates u;(t;), and hence y(x;,t;)). Due to initial and boundary conditions, it is known that

w) = yo(x;), wy = yr(t;) and w}, | = yr(t)).

8.3.1 Forward Euler method

First, the Forward Euler method will be considered. From Chapter 6 (equation (6.51a)) it follows
that the approximation of the solution to problem (8.2) at ¢; 1 equals

witl = wi + AH(Kw/ + 1)), (8.3)
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Note that wa depends on the approximations in (x;_1,¢;), (x;,t;) and (x;11,t;) (as follows from
the definition of K). This idea is depicted in Figure 8.2(a).
The local truncation error of this method can be computed using definition (6.68) in Chapter 6:
e it it
At

where z/*1 is computed by applying the Forward Euler method to the solution at time tj (given
by y/), hence 2Z/t! = y/ 4+ At(Ky/ + /). This yields (using the Dirichlet boundary conditions)

4 1 (yi + AHKy +1)) it —yi P S
j+1 Y y y _y Y Kyl )= b Y
* At At (Ky' +7) = 3 +¢ =57 T#,
in which
. At 92 i Ax? 9*
& = ja—t‘;_/(xifgj), Zi€ (ttjyr), and pl= _fﬁ(gi/ t), &€ (xi-1,Xit1)

follow from the truncation errors of the numerical differentiation, equations (3.2) and (3.9).

Using the heat-conduction problem, we find that T/+1 = & + g/, such that method (8.3) is of
order O(At + Ax?). It makes sense to choose At and Ax in such a way that both components in
the truncation error have about the same size. This already suggests that the time step should be
divided by four if the spatial step size is halved.

Stability

Since the Forward Euler method is only conditionally stable, it is important to determine the
size of the time step in such a way that no instabilities will occur. The matrix K from (8.2) is
symmetric, hence the eigenvalues are real. From the Gershgorin circle theorem it follows that

4 .
—Egmgo, for 1<i<n.
The matrix has no positive eigenvalues, hence the system of differential equations (8.2) is an-
alytically stable (Section 6.8.2). An explicit expression for the eigenvalues of —K was given in
equation (7.11). For real eigenvalues, the Forward Euler method is stable if the time step At

satisfies (equation (6.18))
2
Atﬁ—z, Vi:l,...,n.
Using that [Amax = 4/ Ax2, we obtain At < Ax2/2. Note that if the spatial step size is halved,
then the time step has to be taken four times as small to satisfy the stability condition.

Note that the condition number of K is given by (Section 7.3)

max;—1,. n |)‘i| ~ 4
min;_q _, |Ajl (bx)?

x(K) =

For small values of Ax the initial-value problem (8.2) is a stiff system, since there is a large differ-
ence between |A|max and |A|min. Because of the stability restrictions for explicit methods, it might
be more convenient to use an implicit method in that case (Section 6.10).

8.3.2 Backward Euler method
Applying the Backward Euler method (equation (6.51b)) to (8.2) we obtain the formula

witl = wi + AH(Kw/t! /1), (8.4)
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such that w/*! needs to be solved from the expression
(1 — AtK)wi Tl = wl 4+ Atr/ L, (8.5)

The dependency between approximations in this case is depicted in Figure 8.2(b). Again the local
truncation error is of order O(At + Ax?). Note that the Backward Euler method is uncondition-
ally stable, hence the time step may be chosen in accordance with the accuracy required (stiffness
does not impair numerical stability).

Note that the solution to (8.5) is computationally more costly than determining w/*! using the
Forward Euler method. However, since the matrix K contains many zeros, there are efficient
methods to solve problem (8.5). Careful consideration is necessary: cheap approximation with
many time steps (Forward Euler method) versus expensive approximation with few time steps
(Backward Euler method).

8.3.3 Trapezoidal method

It is also possible to apply the Trapezoidal method for time integration. In the literature the
Trapezoidal method applied to the heat equation is often called the Crank-Nicolson method. The
corresponding formula that needs to be solved is

4 At o ‘ 4
witl = wl + > (Kw] +r + Kw/ Tl +r]+l) ,

cf. equation (6.51c). The corresponding dependency between the approximations is depicted in
Figure 8.2(c).

t t t
tit1 X * tiv1 X X X * tip X X X *
t X X X * ti X * tj X X X *
* * *
0 Xi-1XiXiy1 1 x 0 Xi-1XiXiy1 1 x 0 Xi-1%XiXit1 1 «x
(a) Forward Euler method (b) Backward Euler method (c) Trapezoidal method

Figure 8.2: Dependence of approximations using central-difference semi-discretization and time
integration. x: locations of approximations used in time-integration scheme. o: known by initial
condition, *: known by boundary condition.

8.4 Summary

In this chapter, the following subjects have been discussed:

- Instationary heat equation;

- Semi-discretization;

- Time integration: Forward Euler, Backward Euler, and Crank-Nicolson method;
Local truncation error;

Stability.
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composite rules, 55

condition number, 59, 106, 109
consistent, 75, 108
convection-diffusion equation, 113
convergence, 39, 75, 109
Crank-Nicolson method, 122
cubic spline, 21

difference equation, 114
difference formulae, 25, 29, 32
differentiation, 25

Dirichlet boundary condition, 104
downwind difference, 114

effective condition number, 110
eigenvalues, 8
error

absolute error, 3

global truncation error, 69, 75, 78, 92, 108

local truncation error, 73, 92, 107
relative error, 3
rounding error, 3, 27, 58
truncation error, 26

Euclidean norm, 48
scaled, 106

explicit method, 68

exponent, 2

extrapolation, 13, 16

finite-difference method, 104
fixed point, 42

fixed-point iteration, 42, 48
floating point number, 2
forward difference, 25, 31
Forward Euler method, 67, 81

Gauss quadrature rules, 62
Gershgorin circle theorem, 107

heat equation, 119
Hermite interpolation, 18
higher-order initial-value problem, 82

ill conditioned, 7, 58

ill posed, 7

implicit method, 68

initial-value problems, 66
integration, 51
intermediate-value theorem, 8
interpolation, 11

interpolatory quadrature rules, 60

Jacobian matrix, 49, 89
Kronecker delta, 7

Lagrange basis polynomials, 12, 15
Lagrange interpolation, 13, 14, 31
Lax’s equivalence theorem, 75

left Rectangle rule, 52

linear interpolation, 11

linearly convergent, 40

Lipschitz continuity, 66

loss of significant digits, 5

mantissa, 2

matrix norm, 106

mean-value theorem, 8

mean-value theorem for integration, 8
method of lines, 120

Midpoint rule, 53, 56

Modified Euler method, 69, 81
modulus of a complex number, 7
multi-step methods, 96

Neumann boundary condition, 104, 110
Newton-Cotes quadrature rule, 61
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Newton-Raphson method, 44, 48, 117 Weierstrass approximation theorem, 8
nonlinear equations, 39 well conditioned, 7
nonlinear initial-value problem, 72 well posedness, 7, 66

nonlinear systems, 47
zero, 39

Picard iteration, 42, 48, 116

quadratically convergent, 40
quadrature rules, 52
Quasi-Newton, 47, 49

Rectangle rule, 52, 55

Regula-Falsi method, 47
Richardson’s extrapolation, 33, 78, 92
right Rectangle rule, 52

RK4 method, 77, 81

Robin boundary condition, 104
Rolle’s theorem, 8

root, 39

Runge’s phenomenon, 16

Secant method, 47

semi-discretization, 120

Simpson’s rule, 54, 56

single-step methods, 67

splines, 20

stability, 69, 83, 89, 108
absolute stability (analytical), 70, 84, 85
absolute stability (numerical), 71, 85
analytical stability, 69, 84, 85
instability (analytical), 70, 84, 85
instability (numerical), 71, 86, 88
numerical stability, 70, 85, 87, 88
stability regions, 88
superstability, 95

stiff differential equations, 93

stiff systems, 95

stopping criteria, 40, 41, 43, 48

subordinate matrix norm, 106

systems of differential equations, 81

Taylor polynomial, 8,9, 16
test equation, 70

test system, 83
Trapezoidal method, 69, 81
Trapezoidal rule, 54, 56
triangle inequality, 8

uncertainty interval, 40
upwind difference, 114
upwind discretization, 114

Vandermonde matrix, 14
virtual point, 111
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