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Abstract

A computer laboratory component has become part of many begin-
ning courses on ordinary dicerential equations. Here students are
asked to numerically solve initial value problems, but little attention
is given to the accuracy of such numerical solutions. Indeed, many
text books only pay lip service to this important part of humerical
analyses, possibly because the authors believe that the topic is too
advanced for beginners. In this article we o=er a simple DERIVE
procedure that provides a measure of the accuracy of the Runge-
Kutta order 4 DERIVE routine "RK". The procedure has a nice
spin oa too: it often provides a superior numerical result from the
algorithm.

1 Introduction

At the TUT in Pretoria, an introduction to ordinary dizerential equations
(ODEs) is taught in the PC laboratory, where students are asked to solve
nonlinear equations and systems. Indeed, computer algebra systems, such as
Mathematica [8], Maple [6], MATLAB [7], and Derive [1], have made possible
a revolution in the way beginning dinerential equations courses are being taught.
The emphasis used to be on solution techniques for various classes of equations
which made the courses primarily a popouri of "recipes"”. Today the emphasis
is more upon systems, nonlinear equations, and computer explorations.

Many beginning texts discuss uniform step size numerical techniques such
as Euler’s method, the improved Euler’s method, and many mention Runge-
Kutta order 4 (without a derivation). But today’s computer algebra systems
generally employ a suite of much more advanced algorithms than these, for
example Mathematica version 4.2 uses an Adams method of order 12 [8] to
solve non-stia systems.

But advanced as these algorithms are, they are by no mean infallible and even
simple appearing second order equations can give rise to completely erroneous
numerical solutions which appear quite plausible when plotted (for example see
[3]). Thuswe feel it is important for a student (or other solver) to have a method
of testing the accuracy of the numerically generated solution.

One need not have a strong background in numerical analysis to understand
that things can go wrong and we give a simple strategy for solving system initial
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value problems (IVPs) such as

. o

z fl,y,t) =

Y = g,y < )
z(0) =a y(0)=0b =

(here ¢ is the independent variable which we refer to as time and the dots refer
to dimerentiation with respect to ¢) which permits testing of the accuracy of the
numerical result and indeed this strategy often produces a superior numerical
result from the algorithm.

2 The residual

One of the strategies suggested by Knapp and Wagon [5] to gauge how well
the numerical algorithm is working and to give a measure of the accuracy of a
solution is by substituting back into the equation and examining the "residual’,
that is to observe if the equation is "satis..ed”. They point out that this is not
an infallible method, merely one tool in a toolbox. The strategy discussed below
is a consequence of trying to compute the "residual™ for a numerical solution.

We focus on second order ordinary dicerential equations as these are the most
often encountered types in beginning courses. But there really is no restriction
on the order of the equation. Suppose we wish to solve a typical second order
dicerential equation

T+ f(x,1) = g(t), ©

subject to the initial conditions z(0) = a,;(O) = b. The traditional approach is
to introduce the auxiliary variable y = x and numerically solve the 2£ 2 system

o
; = Yy =

y = i f(zy) +9(t) ©)
z(0) =a, y(0)=n5. >

In order to substitute back into the equation we need the second derivative of z,
but this technique does not compute it. The following easy strategy produces
the second derivative: Dizerentiate equation (2) and solve the 3 £ 3 system

2 9
: - / 2
y = z =
! . @
: = S HEerin 3

z(0) =a, y(0)=0b, 2(0) =i f(a,b)+ g(0).

By doing so, we numerically compute the second derivative of z, z = 7. Math-
ematica does this ezortlessly. It computes an "interpolating function* for z(%)
and so the "residual™

z(@) + f(z,y) i 9(t)
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can be plotted. Some more details on this may be found in [4]. The "residual
method" is not always satisfactory (as is well known). To plot the "residual™ in
DERIVE takes quite an eaort and this will not be discussed here.

3 The estimated error

We take the idea of computing a second solution using the same algorithm
and step size, a little further. We shall give examples where the two solutions
produced are almost identical, for a while. Using the same step size in
DERIVE’s RK routine these solutions can be produced using the same number
of iterations and can thus easily be compared. Because the RK routine returns
a matrix from which the solution x(t) as well as y(¢) can be extracted, we can
easily subtract the 2 £ 2 system solution matrix from the 3 £ 3 solution matrix
and observe the result either row by row or graphically by appending a "time"
column.

Assume that the exact solution of the IVP (1) is say x(t). Assume further
that the numerical solution produced by DERIVE’s RK routine for the 2 £ 2
system (3) is say z,(¢t) while that produced for the 3 £3 system (4) is say z3(t).
De..ne the error E(¢) in the RK routine to be

E@)=x(t) i z2(t) ®
We de..ne the estimated error e(t) in the RK routine to be
e(t) = x3(t) i z2(t) ©)

There are many examples of 1VPs with constant coe€cients which are numer-
ically unstable. In most examples we have examined, e(t) is an astonishingly
good estimate of F'(t). We discuss one such IVP (with constant coe€cients) in
Section 4 below. We give further evidence that e(t) might be a good estimate
of RK accuracy by examining an IVP with no known solution but which does
have a known phase portrait in Section 5. Finally, in Section 6, we give an
example of an IVP with no known solution or phase portrait, but e(t) agrees
with an error analyses done by Knapp and Wagon [10] using Mathematica. We
believe that determining e(t) is another tool which can be added to Knapp and
Wagon’s toolbox [5]. A similar strategy is used when solving a system (1) which
cannot be written as a second order ODE. In this case, two estimated errors
must be determine, one for x(t) and one for y(¢). A snapshot of the commands
used is given in the Appendix in Section 8.

4 A linear VP

Consider D

2952i2925i3x:i4et

2(0)=2, #(0)=0 ™
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This has exact solution

Figure 1:

x =eil +¢e =2cosht

Turning (7) into a 2 £ 2 system

R 5]
x = Y =
Y = 2y+3zij 4 -
z(0) = 2, y(0)=0 -

(©)

we obtain a solution using RK with A = 0.1 and n = 60, shown in Figure 4.1.
Solving the equivalent 3 £ 3 system (4),

z(0) =2, y(0)=0,

VNN NEN

= Yy

= z

= 2z + 3y j 4et
z(0)=2

9
=
=

©)

at h = 0.1 and n = 60 produces a solution which stays close to the true solution
for a longer period, as shown in Figure 4.2. A close scrutiny of Figure 4.2 reveals
that the two solutions start to diverge at about ¢ = 3 time periods.
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Figure 4.2.
A glance at the error tables given in Figure 4.3 shows that, we can expect three
decimal accuracy for about 1.5 time periods and two decimal accuracy for 2
time periods for the RK routine with step size h = 0.1.

Estimated
I Error t Error

1 9.361932391-13_5 -243768167 -18 >
-8P01261640878
-8PA1745509973
-B8A2493125765
-BPA3295717135
-BPA4585984321
-BP06145616139
-ABA8365435623
-8PB1136989713
-8P91543157466
.BB2A%72412036

.29?235588-13_5
-BAA1150522184
-B0A15878085486
-B002179952873
-BAa2784487611
-BAB4A75 846692
-B8B5552157854
-8887551564600
—0.001825655455
-0.801391459837
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Figure 4.3

5 A second order IVP with know phase portrait

An innocuous appearing dicerential equation (10), due to John Polking of Rice
University, discussed briety in [5] and in some detail in [9], is a numerical night-
mare and hence useful for student investigations because just about everything
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which can go wrong does.

22 2

zi@?+2=0 (10)
Turning this equation into a 2 £ 2 system

2 D

- , y (11)

( y iz

it is easy to see that the origin in the phase plane is the only critical value and
it is a center. There is a parabolic separatrix which divides the phase plane
into two regions, one for closed bounded trajectories, the other for unbounded
trajectories. But this is not at all obvious. By eliminating ¢ and solving

dy iz
e~y

it turns out that the "solution™ y(z) is given by
ke?* =2y% j 2z j 1l

Hence, for each initial conditions of the form (z(0), y(0)) = (o, 0), the trajectory
in the phase plane is given by the equation

(Qug +1)e®®@iz0) § 24 § 1+ 242 =0. (12)

A phase portrait is shown in Figure 5.1.

Figure 5.1.
The initial conditions z(0) = j1/2,y(0) = 0 determine the parabolic separatrix
x = y? j 1/2. Solving the system (11) for these initial values with a step size
of h = 0.1 with n = 200 we obtain the trajectory shown in Figure 5.2.
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14 h=0.1 n=200
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Since we know the trajectory should be a parabola, this trajectory is clearly

L .

+

-6 - i
|8 .

Figure 5.2.

incorrect. Even decreasing the step size to »h = 0.05 fails to produce the correct
trajectory, it just takes longer to go o= the mark, this is shown in Figure 5.3.

Ly
16
14 . } . ; .
=0.05 n=600
.;}gfﬁ‘% } : 3
»
dat ‘\iﬁb SeTeg 5
L . +
L -
@ .
Figure 5.3.
Solving the equivalent 3 £ 3 system (4),
> 8]
z v 2
Yy = z
z = 2uz iy §

z(0) =1i1/2, y(0)=0, 2(00)=1/2 ~

(13
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at h = 0.1 and n = 200 produces the the correct trajectory shown in Figure 5.4.

LU
{gh=0.1 n=200
33 system
{4
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x
dak ‘\Eﬂb SeTeE 5
+
R i
B
Figure 5.4.

A plot of the two solutions on the same set of axes shows that they clearly

diverge from one another and thi

s should also indicate to the student (or solver)

that the algorithm is only working properly for a short time, as shown in Figure

5.5.
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Figure 5.5.

By subtracting the two solutions we can plot the estimated error in the solution

as follows in Figure 5.6.
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Figure 5.6.
We claim that, for this IVP, the RK routine with step size h = 0.1 is accurate
to four decimal places for ¢t = 4..

6 Dudng’s equation

In [10] the following form of Du®ng’s equation was studied:

22 2
15 - - 3 — 3
T+ 53T i x+x =5 c08(t)

2 (1%
z(0)=1il, 2(0)=1

From Table 1 (generate by Mathematica) they predict that the solution is correct
to 4 decimal places for ¢ = 20 at default working precision, that is when local
error is of the order 101 6. We will see that, using a step size of » = 0.032 (that
is local error is of the order (0.032)4 Y 101 ®) in the RK routine con..rms this.
Turning this equation into a 2 £ 2 system IVP yields:

5 o
x = Yy =
y = zij2®itogy+iscos(t) o (15)
z(0) = i1, y(0)=1 >
and a 3 £ 3 system IVP yields:
2 o
z = v =
y s L. @9
z = Y32y oz i gsint
z(0) = il, y(0)=1, 20) =% 7

Plots of the solutions appear in Figure 6.1.
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Figure 6.1.
Clearly the two solutions diverge at about ¢ = 60, and so the RK routine is
producing numerical garbage after ¢ = 60. We estimate the error as explained
above in (6) and obtain Figure 6.2, con..rming this observation.

Esimated Error - |
11.5
{1 ’
+
1@.5
= —+—— I
-28 28 48 6 P 1PR128
. {-8.5% %4
-1 .
Figure 6.2.

A closer look at the graph of Estimated Error is revealed in Figure 6.3.

10
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Figure 6.3.
In the region of ¢ = 20 we see that we have four decimal place accuracy which
agrees with Table 1 of [10]. Mimicking their words "we are willing to bet" that
our estimated accuracy is correct for a time interval ¢t = 20

7 Conclusion

We have selected three representative examples for which numerical di¢cul-
ties can be observed, but there are many others. Without a priori knowledge,
poor numerical performance may be di¢cult to spot. Working with two dizer-
ent solutions produced by the RK routine (with the same step size) we have
produced a measure of accuracy for the algorithm. Comparing these two so-
lutions graphically may often indicate where diCculties arise. There are many
innocuous appearing nonlinear equations that students will encounter, and it is
therefore important for them to be aware that numerical problems are common,
and to know how to detect them. Our technique is but one tool in a toolbox for
detecting numerical problems.
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8 Appendix

#1: CaseMode = Sensitiwve

#2: InputMode := lord
If known, type in the exact for =x=i{t), say =x=F[(t].
#3: F(t) :=

Enter the appropriate right hand sides of the 2x2 sytem and
3x3 sytems, the initial conditions, the number of
lteraticns, the step size and the two RE routines. Ddtg =
didt gl=,vy,t].

#4: flx, y. £t ==

#5: gi{x, Yy, t) ==

#6: xB ==
#?: B ==
#8: n ==
2= h ==

#18: Sol2x2 == EXTRACT _2_COLUMMS{RE{[f{x. w. t}. gi{x. v. t3]. [t. x. v]l.
[B, x@, yvA],. h, n}),. 1, 2}

#11: Ddtg ==

#12: =8 ==

#13: So0l3x3 = ERTRACT _2_COLUMNS{RBK{[v. =. Ddtg]. [t. x. v. =]. [B. xH.
yA, =zA],. h. n). 1. 2}

Tterate the exact scolution (Scl),if it is known,and cktain
the errcr ERR for the given step size k.

#14: Sol := ITERATES([t + h. F(t + h)}]. [t. ¥]. [@. xB]. n)
#15: ERR := EXTRACT_2_COLUMNS (APPEND_COLUMNS(TIME, Sol — Sol2x2), 1. 3}

Cbtain the Estimated Erreor in the RE routine for the giwven
gtep =size h.

#16: TIME := ITERATES¢([t + h]l. [t]1. [®]. n)
#17: ESTIMATED_ERR := EXTRACT_2_COLUMNS {APPEND_COLUMNS(TIME, S012x2 -
S013x3), 1, 3)
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