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The Python codes for this note are given in ode.py.

1 Introduction
The topic of this note is the numerical solution of systems of ordinary differential equations (ODEs). This

has been discussed in previous courses, see for instance the webpage Differensialligninger from Mathematics
1.

Scalar ODEs. A scalar ODE is an equation of the form

y'(z) = f(z,y(x)),  y(@o) = yo,
where y/(z) = %. The inital condition y(xo) = yo is required for a unique solution.

NB! It is common to use the term initial value problem (IVP) for an ODE for which the inital value
y(xo) = yo is given, and we only are interested in the solution for x > xo. In this note, only initial value
problems are considered.

Example 1: The general solution of the ODE

y'(z) = —2zy(x)

is the function

where C' is a constant that depends on the initial condition y(zq). For instance, we obtain for xg = 0 and
y(0) =1 the solution

Systems of ODEs. A system of m ODEs is given by

vi = fi@, Y1, 92, - Ym)s Y1(r0) = y1,0
yé = f2(x7y17y27 . vym)v y2($0) = Y20
y;n = f7rh(xvy15 Y2,... 7ym)a ym(fl?o) = Ym,0

or, more compactly, by
y'(z) =f(z,y(@),  y(@0)=yo
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where we use boldface to denote vectors in R™.

yl(x) fl(xvylvy%"'vym)a Y1,0

yg(l’) f2(557y1>y27--~7ym)7 92,0
y(z) = . . flzy) = . ;YYo= . ,

ym(x) fm(xaylay%“-aym)v Ym,0

Example 2: The Lotka-Volterra equation is a system of two ODEs describing the interaction between
predators and prey over time. The system is given as

y'(x) = ay(z) - By(x)z(x),
' (z) = dy(z)z(z) — vz(x).

Here = denotes time, y(z) describes the population of the prey species, and z(x) the population of
predators. The parameters «, 3, ¢, and v depend on the populations to be modelled.

Autonomous ODEs. An ODE is called autonomous if f is not a function of x, but only of y. The
Lotka-Volterra equation is an example of an autonomous ODE. A nonautonomous system can be made
autonomous by a simple trick, just add the equation

y;n+1 =1, Ym+1(T0) = o,

and replace t with y,,41.

Higher order ODEs. An initial value ODE of order m is given by

u™ = f(z,u,u, . ™), w(wo) =up, u'(zo) =uph, ..., u™V(xg)= u(()m_l).

Here uv") =4/ and u(™+1) = % for m > 0.
Example 3: Van der Pol’s equation is a second order differential equation, given by

U(Q) = /1'(1 — UQ)UI —u, U(O) = Uo, ’U/(O) = ug)’

where 1 > 0 is some constant. Common choices for initial values are ug = 2 and u(, = 0.

Later in the note we will see how such equations can be rewritten as a system of first order ODEs. Systems
of higher order ODEs can be treated similarly.

2 Numerical methods for solving ODEs

In this note, we will discuss some techniques for the numerial solution of ordinary differential equations.
For simplicity or presentation, we will develop and discuss these methods mostly based on scalar ODEs.
The same methods, however, are equally applicable for systems of equations.

All the methods that we will discuss are so-called one-step methods. Given the ODE and the initial values
(0,Y0), we choose some step size h and let 21 = xg + h. Based on this information, we calculate an
approximation y; to y(z1). Then, we repeat this process starting from (z1,y;) in order to calculate an
approximation yo of y(xs), where xo = x1 + h. This process is repeated until some final point, here called
Tend 18 reached.

In one-step methods, the approximation yx11 of y(zx41) does not depend on the values of yx_1, Yp—2,
.., Yo- The main alternative to this type of methods are multi-step methods, where the approximation
Yr+1 of y(zx41) takes into account those values as well.

It should be emphasized that this strategy only will find approximations to the exact solution in some
discrete points z,, n =0,1,....
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3 Euler’s method

Let us start with the simplest example, Euler’s method, known from Mathematics 1.

We are given an IVP
y'(z) = f(z,y(x)),  y(@o) = yo.
Choose some step size h. The trick is as follows:

Do a Taylor expansion (Preliminaries, section 4) of the exact (but unknown) solution y(zo + h) around
ZTo:

1
y(wo +h) = y(xo) + hy'(x0) + ghzy”(xo) +---

Assume the step size h to be small, such that the solution is dominated by the first two terms. In that
case, these can be used as the numerical approximation in the next step:

y(zo 4+ h) = y(zo) + hy'(x0) = yo + hf (0, yo)

giving
Y1 =yo + hf(Zo,Yo)-

Repeating this, results in

Euler’s method.

o Given a function f(z,y) and an initial value (g, yo)-
e Choose a step size h.
e For:=0,1,2,...

Yn+1 = Yn + hf (T, yn),

Tptl = Tp + b

4 Implementation

We would like to make this implementation more like a test platform. It should be simple to implement
and test methods other than Euler’s. That is why the implementaion here is divided in two parts:

e ode_solver: This is a generic solver, and can be used by other methods than Euler’s.
e euler: This function performs one step of Euler’s method.

The function method, which performs one step with a given method, can be changed, but the call of the
function has to be of the following form:

x_next, y_next = method(f, x, y, h).
Numerical example 1: Test the implementation of Euler’s method on the problem
y'(z) = —2zy(x), y(0) =1, 0<z<1,

which has the analytic solution
y(x) =e”

Try with different step sizes, for instance h = 0.1, h = 0.05 and h = 0.01. In each case, compare the
numerical solution with the exact one.

The following script solves the equation numerically. See the function num_ex1() in ode.py.
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Numerical exercise 1: Repeat the example on a logistic equation, given by

Yy =y(l—-y),  y(0)=uyo,
on the interval [0,10]. Use yo = 0.1 as initial value. For comparision, the exact solution is
1
y(z) = 7(—1

1 1-— %)e*z

Solve the equation numerically by using different step sizes h, and try different initial values.

4.1 Systems of ODEs
Euler’s method works equally well for systems of m ODEs

y'(z) = f(z,y(2),  y(@0)=yo
Here, Euler’s method is defined as

Yot+1 =Yn + (@0, yn), n=0,...,N—1.

The implementation above can be used without any changes. The only difference from the scalar ODE
case is that y, € R™ and f: R x R™ — R™. That is, the function f that defines the right hand side of
the ODE takes a scalar z and an array y,, of length m as inputs, and returns an array of length m.

Numerical example 2: Solve the Lotka-Volterra equation

v1(z) = ayi(x) — Byr (2)y2(x), y1(0) = Y10,

Ya(x) = o1 (2)y2(x) — Yy2(), y2(0) = y2.0-
In this example, use the parameters and initial values
o= 27 ﬁ = 17 6= 057 Y= 17 Y0 = 27 Y2,0 = 0.5.

Solve the equation over the interval [0,20], and use h = 0.02. Try also other step sizes, e.g. h = 0.1 and
h = 0.002.

NB! In this case, the exact solution is not known. What is known is that the solutions are periodic and
positive. Is this the case for the numerical solutions as well? Check for different values of h.

See the function num_ex2() in ode.py.

5 Theory

5.1 Existence and uniqueness results

Let us first state the conditions for which the ODE has a unique solution. We will need the following
definition (which will also be used later in this note):

Definition: Lipschitz condition.

A function f: RxR™ — R™ satisfies the Lipschitz condition with respect to y on a domain (a, b) x D
where D C R™ if there exist a constant L so that

If(z,y) —f(z,2)| < Llly — 2z,  forall =z¢€(a,b),yzeD.

The constant L is called the Lipschitz constant.

It is not hard to show that the function f satisfies the Lipschitz condition if 0f;/0y;, i, =1,--- ,m are
continuous and bounded on the domain and D is open and convex.
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Theorem: Existence and uniqueness of a solution.

Consider the initial value problem

y =f(@y), ¥ =vo
If
o f(z,y) is continuous in (a,b) x D,
o f(x,y) satisfies the Lipschitz condition with respect to y in (a,b) x D.

with given initial values z¢ € (a,b) and yo € D, then the ODE has one and only one solution in
(a,b) x D.

5.2 Error analysis

When an ODE is solved by Euler’s method over some interval [zg, Zenqg], how will the error at xepq (or
some arbitrary point) depend on the number of steps. Or more spesific, choose the number of steps
N, let the step size be h = (Zend — x0)/N, such that z.,q = xn, what can we say about the error

en = Y(Tena) —yn?

Numerical example 4: Solve the equation of Example 1,

Y (r) = —2zy(z),  y(0)=1,

with exact solution y(z) = e‘”z, over the interval [0,1]. Use different step sizes h, and for each h, measure
the error at z = 1.

See the function num_ex4 () in ode.py.

The table generated from this code shows that whenever the step size is reduced with a factor of 0.5, so is
the error. Therefore, we expect

Tend — Lo

|y(xend) - yN| ~ Ch7 h = N

The method seems to be of order 1, see Preliminaries, section 3.1.

In the following we will prove that this is in fact the case. The error analysis will be done on a
scalar equation, but it can as well be extended to systems of equations, as described in the end of the
section.

Local and global errors. In this discussion we have to consider two kinds of errors:
e Local truncation error d,41: This is the error done on one step, starting from (z,,, y(z,)).

e Global error e,: This is the difference between the exact and the numerical solution after n steps,
that is e, = y(@n) — Yn.

In the following, we will see how to express the local truncation error, and we will see how the global and
the local errors are related. We will use all this to find an upper bound for the global error at the end
point £ = Teng. The technique described here is quite standard for this type of error analysis.

Let us start with the local truncation error. Euler’s method is nothing but the first two terms of the
Taylor expansion of the exact solution. As a consequence, the local truncation error is the remainder term
Ry (x) (see Preliminaries, section 4):

s = ylon + 1) = (o) + g/ (20)) = SH"(©), €€ (ot + D),



Figure 1: Lady Windermere’s fan

Next, we use the fact that y'(x,) = f(xn,y(x,)) and obtain the following two expressions:
y(xn +h) =y(z,) + hf(xn, y(zn)) + dni, the equation above
Ynt1 = Yn + A f(Tn, yn), Euler’s method

We subtract the second from the first, use that e,, = y(z,) — yn, and finally use Result 3 in Preliminaries,
section 5. This yields the expression

€ntl = €n + h(f(l'n;y(mn)) - f(xn;yn)) + dn+1 =e, + hfy(xnﬂ?)en + dn+la

where f, = %, and 7 is some value between y,, and y(z,). We now take the absolute value on each side,
and apply the triangle inequality:

|en+1| = |en + hfy(mn,n)en + dn+1‘ S ‘6n| + h|fy(xnv77)”en| + |dn+1|«

Assume now that there exist positive constants D and L satisfying
@) <L and  Jy'(2) < 2D
for all values of x, y. From the inequality above we get that
lent1] < (14 hL)|en| + Dh?.

Since yo = y(zo) we get eg = 0. The inequality above therefore results in the following estimates for the
global errors:

|€1| Sl)h2
lea| < (1+ hL)|es| + Dh? < ((1 + hL) + 1) Dh?
les| < (1+ hL)lea| + Dh? < ((1+ hL)* 4+ (1 + hL) + 1) Dh?

N-1
len| < (14 hL)|ens1| + Dh* < > (14 hL)"Dh?

n=0

We will now apply two well known results:



e The sum of a truncated geometric series:

N—-1 N
-1
E r":r for r € R.
r—1

n=0

e The series of the exponential:

o0 n

x 12 o T
e —1+x+§x +~--—1—|—x+n§;2ﬁ

which proves that 1 + x < e® whenever z > 0.

Using these results, we obtain that

Ni(l Cppyn = WHRDN Z1 (@Y 1 Y 1 e -
o ~ (1+hL)-1 hL Y hL ’

where the last equality holds because (Zeng — o) = hN. Finally, we plug this into the inequality for |ey|
above, and we see that we have proved the the following upper bound for the global:

eL(@ena—z0) _ |
[Y(Tena) — yn| = len| < th =Ch,
where the constant ' = €270 =1 depends on the length of the integration interval z¢,q — zq, of
certain properties of the equation (L and D), but not on the step size h.

The numerical solution converges to the exact solution since
lim |ey|=0.
N —oc0

If the step size is reduced by a factor of 0.5, so will the error. This is in agreement with the previous
numerical result.

Remark: Following the proof of the error estimate for Euler’s method, we see that a local truncation
error of size h? leads to a final, global error of size h. Intuitively, this is because we need to take roughly
1/h steps in order to reach the point z.,q, although a precise proof is quite a bit more complicated than
that, as we have seen. However, what this also should mean is that a method with a truncation order of
size h?*! should lead to a global error of hP. The results of the next section show that, under certain
conditions, this is indeed the case.

5.3 A general convergence result

A one-step method applied to a system of ODEs y'(z) = f(z,y(z)) can be written in the generic
form

Yntl =¥n + h‘I’(xnv Yn; h)7
where the increment function ® typically depends on the function f and some parameters defining the
method.

Definition: Order of a method.

A method is of order p > 0 if there is a constant C' > 0 such that

lenl = lly(zena) — ynlIl < CR”,

where N is the number of steps taken to reach x.,q using the step size h = (Zeng — x0)/N.

The local truncation error d, 41 of such a method is

dn+1 = y(xn+1> - (Y(ﬁfn) + h@(xna y(xn)a h))

Replace the absolute values in the above proof with norms (Preliminaries, section 1), and the argument
above can be used to prove the following:



Theorem: Convergence of one-step methods.

Assume that there exist positive constants M and D such that the increment function satisfies
[®(z,y;h) — ®(z,2;h)|| < Mlly — 2
and the local truncation error satisfies
Iy (z + 1) — (y(2) + h®(z, y(z), h)) | < DRP*!

for all , y and z in a neighbourhood of the solution. In that case, the global error satisfies

eM(xend_xO) —1

lexll = I1y(zend) = ynll < CH?,  with €= “—————D.

Example: Let us consider Eulers method, y,+2 =y, + hf(2,,y,). So in this case ®(x,y) = f(zn,yn)
and the first condition is satisfied as long as f satisfy the Lipschitz condition in y.

It can be proved that the first of these conditions is satisfied for all the methods that will be considered
here, provided that the function f is continuously differentiable.

Heun’s method. We will now discuss a first, improved alternative to Euler’s method:

Assume that we want to solve an
y'(z) = f(z,y(x)).
Its exact solution can be written in integral form as

nn,+h T, +h
v(x, +h) =y(x,) + / y'(z)dr = y(z,) + / f(z,y(z))dx.

We now replace the integral on the right hand side by a numerical approximation using the trapezoidal
rule:

Y(xn + h) ~ Y(l”n) + g(f(zna Y(In)) + f(:l?n+1, y(xn-&-l))-

Then we replace y(x,) and y(z,+1) by the approximations y, and y,+1. The resulting method is the
trapezoidal rule for ODFEs, given by

h
Yn+1 = Yn + §(f(-rn7}’n) + f(xn+17Yn+1))~

This is an example of an ¢mplicit method. The numerical approximation y,; appears on both sides of
this equation as is therefore only implicitly given: If x,,y, is known, a nonlinear equation has to be solved
in order to find y, 41, and this has to be done for each step. There are important applications where this
actually makes sense, which we will discuss in a later lecture in the context of stiff ODFs.

However, for the moment we want to avoid this additional complication and thus replace the y, 41 on
the right hand side by some approximation. One natural possibility here is to apply one step of Euler’s
method. This results in Heun’s method:

Up+1 = Yn + hf(xnv YH)a
h
Yn+1 = Yn + 5 (f(xnv yn) + f(-rnJrh un+1))-

The method is commonly written in the form

k), = f(x'mYn)a
k2 = f(l’n —+ h,yn —+ hkl),

h
Yntl =Yn + §(k1 + ko).
The increment function for this method is

B(ryih) = 3 (F(.y) +E(a+ by + hi(,y)).
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Implementation. One step of Heuns’s method is implemented as follows:

Numerical example 5: Let us compare the numerical solution from Euler’s and Heun’s methods on

the scalar test problem
/

y' = =2y, y(0) =1

with the exact solution y(z) = e=*" on the interval [0,1]. Use h = 0.1 for Euler’s method and h = 0.2
for Heun’s metode. Thus both require a total of 10 function evaluations, and the total amount of
computational work is comparable.

See the function num_ex5() in ode.py. The errors of the two approximations are:

Let us finally compare the error at z.,q when the two methods are applied to our test problem, for
different values of h:

First of all, Heun’s method is significantly more accurate than FEuler’s method, even when the number of
function evaluations are the same. Further, we notice that the error in Heun’s method is reduced by a
factor of approximately 1/4 whenever the step size is reduced by a factor 1/2, indicating that the error
|Y(Zena — yn| = Ch?, and the method is of order 2.

Numerical example 6: Solve the Lotka-Volterra equation from Numerical example 2 by Euler’s and
Heun’s methods, again using twice as many steps for Euler’s method than for Heun’s method.

e Use h = 0.01 for Euler’s method and h = 0.02 for Heun’s method.
e Use h = 0.1 for Euler’s method and A = 0.2 for Heun’s method.

See the function num_ex6 () in ode.py.

Numerical exercises:

1. Solve Van der Pol’s equation by use of Heun’s method and with Euler’s method, and compare.
Experiment with different choices of the step size h. Use p = 2, and solve the equation on the
interval [0,20]. Experiment with different values of p.

2. Implement the classical Runge-Kutta method and verify numerically that the order of the method
is 4. The method is given by

ki = f(mvu yn)

h h
ky="f <In + E,Yn + 2k1)

h h
ks =f n T 5s¥n -k
3 (33 +2y+22)

k4 = f(ﬂ?n + h,yn + hk3)

h
Yn+l1 = ¥Yn + E(kl + 2k2 + 2k3 + k4)

Convergence properties of Heun’s method. To prove convergence and to find the order of a method
two things are needed:

e the local truncation error, expressed as a power series in the step size h
« the condition ||®(z,y;h) — ®(x,2z;h)|| < M|y — 2|

The local truncation error is found by comparing Taylor series expansions of the exact and the numerical
solutions starting from the same point. In practice, this is not trivial. For simplicity, we will here do this
only for a scalar equation y'(z) = f(x,y(z)). The result is valid for systems as well.

In the following, we will use the notation

of of
ox’ oy’

0% f 0% f
ox 0x0y

fo= fy= faax etce.
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Further, we will surpress the arguments of the function f and its derivatives. So f is to be understood as
f(z,y(x)) although it is not explicitly written.

The Taylor expansion of the exact solution y(z + h) is given by
2

Yo+ b) = y@) + () + ) +

"
5 oY () +....

Higher derivatives of y(z) can be expressed in terms of the function f by using the chain rule and the
product rule for differentiation:

y'(z) =,
y"(:c) = fz+ fyy/ = fz+ fyfv
y///(x) = fox + facyy/ + fwa + fyyy/f + fyfw + fyfyy/ = fou + wayf + fyyf2 + fyfm + (fy)2f

We then find the series of the exact and the numerical solution around z, yo (any other point will do
equally well). From the discussion above, the series for the exact solution becomes

h? h3
y(Io + h) =Y + hf + ?(fm + fyf) + F(fam + 2fa:yf + fyyf2 + fufac + (fy)2f) + .. L)
where f and all its derivatives are evaluated in (xg,yo). For the numerical solution we get

ki = f(xo,90) = f,
ko = f(xo + h,yo + hk1)

= Fohfet by 3 fah® + faghhby 4 Fug bR
h2
= 4 h(fo+ To )+ 5 (fow + 2 ayf + Fouf?) + ..o,

h h h? )
y1:y0+§(kl+k2):yo+§(f+f+h(fr+fyf)+7(fm:c+2fmyf+fyyf )+)
h? h3
:y0+hf+?(fx+fyf)+z(fzz+2fmyf+fyyf2)+"~»

and the local truncation error will be

3
di =y(ro+h)—y1 = %(_fxx = 2feyf — fyyf2 +2fy fo + 2(fy)2f) +

The first nonzero term in the local truncation error series is called the principal error term. For h
sufficiently small this is the term dominating the error, and this fact will be used later.

Although the series has been developed around the initial point, series around x,,, y(x,) will give similar
results, and it is possible to conclude that, given sufficient differentiability of f, there is a constant D
such that

|dn| < DR3.

Further, we have to prove the condition on the increment function ®(z,y). For f differentiable, there is

for all y, z some £ between = and y such that f(x,y) — f(z,2) = fy(x,£)(y — 2). Let L be a constant such
that |f,| < L, and for all z, y, z of interest we get

The increment function for Heun’s method is given by

(z,y) = - (f(@,y) + f(z+ h,y + hf(z,y))).

| =

10



By repeated use of the condition above and the triangle inequalitiy for absolute values we get

@ (2,y) — ®(, 2)| = %If(wvy) + f@+hy+hf(2,9) — f(z,2) — hf(z+h, 2+ hf(z,2))]
=< %(If(x,y) — f(x,2)| + |f(x + h,y + hf(z,y) — fx+h,z+hf(z,2))])
< %(Lly =zl + Lly + hf(z,y) =z = hf(z,2)])
< (2Ll — =/ + ALy — 2]

h
L+ §L2> ly — z|.

Il
/N N

Assuming that the step size h is bounded above by some H, we can conclude that
H_,

In conclusion: Heun’s method is convergent of order 2.

6 Error estimation and step size control

To control the global error y(x,,) — y,, is notoriously difficult, and far beyond what will be discussed in this
course. To control the local error in each step and adjust the step size accordingly is rather straightforward,
as we will see.

6.1 FError estimation

Given two methods, one of order p and the other of order p + 1 or higher. Assume we have reached a
point (z,,yn,). One step forward with each of these methods can be written as

Ynt1 = Yn +h®(@n, yn; h), order p,
Vil =Yn + h@(xn, yn; h), order p + 1 or more.

Let y(&nt1;Tn,yn) be the exact solution of the ODE through (z,,y,). We would like to find an estimate
for the local error 1,41, that is, the error in one step starting from (z,,y.),

1n+1 = Y(xn—&-l; T, Y'n) —Yn+1-

As we already have seen, the local error is found by finding the power series in h of the exact and the
numerical solution. The local error is of order p if the lowest order terms in the series where the exact
and the numerical solution differ is of order p + 1. So the local errors of the two methods are

y(xn-l-l;xna}’n) —¥Yn+1 = ‘I’(l‘n,yn)hp+1 + ...,
y(xn+1;xn7Yn> _§n+1 = + ...,

where U(z,,,y,) is a term consisting of method parameters and differentials of f and ... contains all the
terms of the series of order p 4+ 2 or higher. Taking the difference gives

yn—&-l —Yn+1 = ‘Il(xn7YTL)hp+1 +....

Assume now that h is small, such that the principal error term W(xy,yn)hPT! dominates the error series.
Then a reasonable approximation to the unknown local error 1,11 is the local error estimate le,y1:

leq1 =Ynt1 — Ynt1 = Y(ﬂfnﬂ; Tn, yn) —Yn+i-

11



Example 4: Apply Euler’s method of order 1 and Heun’s method of order 2 with h = 0.1 to the
equation

y = —2xy, y(0) = 1.
Use this to find an approximation to the error after one step.

Euler’s method:
y1=10-0.1-2-0-1.0 = 1.0.

Heun’s method
k1 =-2-0.0-1.0=0.0,

ky=—2-0.1-(1+0.0) = —0.2,

_ 0.1
G = 1.0+ - (0.0 - 0.2) = 0.99.

The error estimate and the local error are respectively
leg =5 —y1 = —1072, I =y(0.1) —y; = e *¥ — 1.0 = —0.995 - 10~ 2.

So in this case the error estimate is a quite decent approximation to the actual local error.

6.2 Stepsize control

The next step is to control the local error, that is, choose the step size so that ||le,1]| < Tol for some
given tolerance Tol, and for some chosen norm || - ||.

Essentially:
Given z,,y, and a step size h,,.
¢ Do one step with the method of choice, and find an error estimate le, 1.
o if ||le||p+1 < Tol
Accept the solution x,4+1,¥n+1-

If possible, increase the step size for the next step.

o else

Repeat the step from (z,,y,) with a reduced step size h,,.

In both cases, the step size will change. But how?

From the discussion above, we have that
e, ~ D2,

where le, 11 is the error estimate we can compute, D is some unknown quantity, which we assume almost
constant from one step to the next. What we want is a step size hpeq, such that

Tol ~ DhPT!

new-*

From these two approximations we get:

Tol N<hnew>”+1 ~, N< Tol >+h
el ha BN [ | "

That is, if the current step h,, was rejected, we try a new step hpe with this approximation. However, it
is still possible that this new step will be rejected as well. To avoid too many rejected steps, it is therefore
common to be a bit restrictive when choosing the new step size, so the following is used in practice:

1
1
By = P <T°1> I
el

where the pessimist factor P < 1 is some constant, normally chosen between 0.5 and 0.95.

12



6.3 Implementation

We have all the bits and pieces for constructing an adaptive ODE solver based on Euler’s and Heuns’s
methods. There are still some practical aspects to consider:

e The combination of the two methods, implemented in heun_euler can be written as

kl = f(l’m}’n)7

k2 = f(xn =+ h,yn =+ hkl),
Ynt+1 = Yn + hkq, Euler
~ h
Ynt+1 =¥n + 5(1{1 + ko), Heun

~ h
le i1 = [|Ynsr1 — Yot = §Hk2 = k.

e Even if the error estimate is derived for the lower order method, in this case Euler’s method, it is
common to advance the solution with the higher order method, since the additional accuracy is for
free.

This is usually referred to as local extrapolation.
e Adjust the last step to be able to terminate the solutions exactly in Zepnqg.

e To avoid infinite loops, add some stopping criteria. In the code below, there is a maximum number
of allowed steps (rejected or accepted).

¢ The main driver ode_adaptive is written to make it simple to test other pairs of methods. This is

also the reason why the function heun_euler returns the order of the lowest order method.

Numerical example 7: Apply the code on the test equation:

Yy =—2zy, y(0)=1

See the function num_ex7 () in ode.py.
The error |y(z,) — yn| is:
And the step size will change like

Numerical exercises:

1. Solve the Lotka-Volterra equation, use for instance hg = 0.1 and Tol = 102, Notice also how the
step size varies over the integration interval.

2. Repeat the experiment using Van der Pol’s equation.

6.4 Runge-Kutta methods

Euler’s and Heun’s method are both examples of explicit Runge-Kutta methods (ERK). Such schemes are
given by

kl = f(xn7 YTL)a

ky = f(z, + c2h, yn + haziki),

k3 = f(xn + Cgh, Yn + h(a31k1 + a32k2))7

s—1
k, = f(xn +csh,yn + hZasjkj),

j=1

Yni1 =Yn+h Y biki,

i=1

13



where ¢;, a;;, and b; are coefficients defining the method. We always require ¢; = ijl a;j. Here, s is the

number of stages, or the number of function evaluations needed for each step. The vectors k; are called
stage derivatives. Also implicit methods, like the trapezoidal rule,

h
Ynt+1 =Y¥n + §(f($n, Yn) + f(xn + h7 Y7L+1))
can be written in a similar form,
kl = f(xnayn)v
h
ko =f(zn + h,yn + 5(1{1 +ka)),

h
Yntl =¥n + §(k1 + ko).

But, contrary to what is the case for explicit methods, a nonlinear system of equations has to be solved to
find kg.

14



-
Definition: Runge—Kutta methods.

An s-stage Runge-Kutta method is given by

kl:f(xn—i-clh,yn—{—hZa”k]), i:1,2,"°,8,

j=1
S
Ynt+1 =¥Yn + hz bik;.
i=1

The method is defined by its coefficients, which are given in a Butcher tableau

1 |aii a2 - 0Q1s
C2 | a21 Q22 - A2s
Cs As1 Ag2 o Ags

b1 by -+ b

with
S
C; = E aij, i:1,-~-,s.
j=1

The method is explicit if a;; = 0 whenever j > i; otherwise it is implicit.

A Runge—Kutta methods with an error estimate are usually called embedded Runge—Kutta methods or
Runge—Kutta pairs, and the coefficients can be written in a Butcher tableau as follows

1| ail a2 - Q1s
Co | Q21 G22 -+ Q2
Cs as1 A g2 A ¢ P
by by - by Order p
by by - by Order p+1

The error estimate is then given by

1en+1 =h Z(/Z;Z - b7)k7
=1

Example 5: The Butcher-tableaux for the methods presented so far are

00 O 00 O
00 11
11 0 13 3
1 ‘ 11 ‘ 11
2 2 2 2
Euler Heun trapezoidal rule

and the Heun-Euler pair can be written as

0

111
1 0
11
2 2



A particular mention deserves also the classical Runge-Kutta method from a previous numerical exercise,
which can be written as

— N N O

o= O O v O
Q= O N O O
Q== O O O
o= o O O O

See this list of Runge-Kutta methods for more.

Order conditions for Runge—Kutta methods. It can be proved that a Runge-Kutta method is of
order p if all the conditions up to and including p in the table below are satisfied.

conditions
Sbh=1
dbici=1/2
Sbic?2 =1/3
Y- biajjc; =1/6
4] Thd=1/4
dobiciaiie; =1/8
Y biagics =1/12
dobiaiiakcr =1/24

WN| =T

where sums are taken over all the indices from 1 to s.

Example 6: Apply the conditions to Heun’s method, for which s = 2 and the Butcher tableau is

C1 | a11 Q12 0]0 0
Co | Q21 Q22 = 1 1 0.
R
The order conditions are:
=1 b1 + by = 1 + L_ 1 OK
b= 1 2=575 =
1 1 1
=2 b boco==-0+=-1== OK
p 1€1 + 02C2 5 + 5 5
1 1 1 1
_ 2 2 _ L o2t o2t 2t .
p=3 bici + bacs = 5 0° + 3 1 5 # 3 Not satisfied
1 1
bl(allcl + CL1202) -+ b2<a2161 -+ GQQCQ) = 5(0 . O + 0 . 1) -+ 5(1 . 0 -+ 0 . ].)
1
=0# G Not satisfied

The method is of order 2.
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7 Stiff ODEs

When an ODE is solved by an adaptive solver we will expect that more steps are required for stricter
tolerances. Specifically, the step size control is based on the assumption that the local error estimate
le,, 1 satisfies

e, 1| = DR ~ Tol,

where p is the order of the lowest order method, and D is independent of the step size h. The constant D
depends on the solution point (x,y,), but it will usually not change much from one step to the next.

If we use different tolerances Tol; and Toly for the solution of the same problem with the same adaptive
method, we will therefore expect that the step sizes hy and ho near the same point will behave like

Tol; ~ Dh?T!, Toly ~ DhYT,

so that

hy _ (Tol\77 N,
ha — \ Tol, TNy

where N7 and N, are the total number of steps used for the two tolerances.

In the case of the Heun-Euler scheme, the lower order is p = 1. By reducing the tolerance by a factor
1/100 we will expect that the number of steps increases by a factor of 10.

Numerical example 1: Given the following system of two ODEs

Yy = —2y1 + y2 + 2sin(x), y1(0) =2,
yy=(a—1)y1 —aya +a (Cos(a:) — sin(az:))7 y2(0) = 3,

where a is some positive parameter. The exact solution, which is independent of the parameter, is
y1(z) = 2e” " + sin(x), ya(x) = 2™ + cos(x).
Solve this problem now with some adaptive ODE solver, for instance the Heun-Euler scheme.

Now try the tolerances Tol = 1072, 10~4, 107°, and perform the experiment with two different values of
the parameters, a = 2 and a = 999.

For a = 2 the expected behaviour is observed. But the example a = 999 requires much more steps, and
the step size seems almost independent of the tolerance, at least for Tol = 1072, 10~4.

The example above with a = 999 is a typically example of a stiff ODE. What defines these types of
ODEs is that there are (at least) two different time scales at play at the same time: a slow time scale
that dominates the time evolution of the solution of the ODE, and a fast time scale at which small
perturbations of the solution may occur. In physical systems, this might be due to very strong damping
of selected components of the system.

If we consider for instance the ODE in the numerical example above, then we obtain, after some
computation, that the general solution is

) = ¢ 1 e % e -1 ef(a 1z 5111(33)
y()—1<1> +2<a1> ! +<cos(:c)>

for some constants ¢, co. The terms e™*, sin(x), and cos(z) evolve at a time scale of order 1. In contrast,
the term e~ (@17 reverts back to being essentially equal to zero at a time scale of order 1/(a + 1).

When a stiff ODE is solved by some explicit adaptive method like the Heun-Euler scheme, an unreasonably
large number of steps is required, and this number seems independent of the tolerance. The problem is
that, for explicit methods, the local error is dominated by what is happening at the fast time scale, and
the step length will be adapted to that time scale as well. Even worse, any larger step size will lead to
instabilities and exponentially increasing oscillations in the numerical solution.

In the remaining part of this note we will explain why this happens, and how we can overcome the problem.
For simplicity, the discussion is restricted to linear problems, but also nonlinear ODEs can be stiff, and
often will be.
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Exercise 1: Repeat the experiment on the Van der Pol equation

Y1 = Yo, y1(0) =2,
yo = (L = y7)y2 — un, y2(0) = 0.
Use p =2, u=>5 and p = 50.
7.1 Linear stability analysis
Motivation. We are given a system of m differential equation of the form
y' = Ay +g(z). (*)

Such systems have been discussed in Mathematics 3, and the technique for finding the exact solution will
shortly be repeated here:

Solve the homogenous system y’ = Ay, that is, find the eigenvalues \; and the corresponding eigenvectors
v; satisfying
AVi :)\ivi, 1= 1,2,...,m. (**)

Assume that A has a full set of linearly independent (complex) eigenvectors v; with corresponding (complex)
eigenvalues ;. Let V = [vy,...,vy], and A = diag{\1,..., A\, }. Then V is invertible and

AV =VA and therefore VAV = A.

The ODE (*) can thus be rewritten as
Valy = VTTAVYV Ty + Vg (a).

Let z=V~ly and q(z) = V~!g(z) such that the equation can be decoupled into a set of independent
scalar differential equations

z' = Az +q(z) or, equivalently 2i=Nzi+qi(z), i=1,...,m.

The solution of such equations has been discussed in Mathematics 1. When these solutions are found, the
exact solution is given by

y(z) = Vaz(zx),

and possible integration constants are given by the initial values.

As it turns out, the eigenvalues \; € C are the key to understanding the behaviour of the adaptive
integrators. So we will discuss the stability properties of the very simplified, though complex, linear test
equation

Yy = \y.

The discussion below is also relevant for nonlinear ODEs y’'(z) = f(z,y(x)), in which case we have to
consider the eigenvalues of the Jacobian fy of f with respect to y.

Example 1: We now return to the introductory example. There, the ODE can be written as

y' = Ay +g(),
with
A< -2 1 >’ g(:z:)( sin(x)' )
a—1 -—a a(cos(x) — sin(x))
The eigenvalues of the matrix A are A\; = —1 and Ay = —(a + 1). The general solution is given by

y(@) = ( 1 ) e+ ( a_—ll ) e—(atl)e < :;I;((z)) ) .

In the introductory example, the initial values were chosen such that ¢; = 2 and co = 0. However, for
large values of a, the term e~ (¢+1)? will still go to 0 almost immediately, even if ¢y # 0. It is this term
that creates problems for the numerical solution.
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Stability functions and stability regions. We consider the linear test equation

y =Xy, y(0) =vyo,

where the parameter A € C satisfies
R < 0.

Here, and in the following, ®*\ will denote the real part of A, and S\ will denote the imaginary part. The
analytic solution of this problem is

y(2) = yo " = yo ™ (cos(IA x) + isin(IAx)).

Since A < 0, the solution y(x) tends to zero as  — co. We want a similar behaviour for the numerical
solution, that is |y,| — 0 when n — oco.

One step of some Runge-Kutta method applied to the linear test equation can always be written as
Yn+1 = R(2)Yn, z = Ah.

The function R(z): C — C is called the stability function of the method.

Example 2: The application of Euler’s method for the linear test equation results in the iteration
Ynt+1 = Yn + ANy = (L + hN)y, = (1 + 2)yn with z = hA.
The stability function of Euler’s method is therefore the function

R(z)=1+z.

For a comparison, Heun’s method for this test equation is

kl = )\ym
k2 = Ayn + hk1),

h
Yn+1 = Yn + §(k1 + ka),

which can be rewritten as

(hA)?

h
Yn+1 = YUn + 5(/\% + A(yn + h)\yn) = Yn + hAyn + Tyn-

As a consequence, the stability function for Heun’s method is

2

R(z):1+z+%.

We now return back to the analysis of the behaviour of an arbitrary Runge-Kutta method with stability
function R. Taking the absolute value on each side of the expression

Yn4+1 = R(Z)ynv

we see that there are three possible outcomes:

IR(z)| <1 = [Ynt1] < lyn| = Yn — 0 (stable)
[R(z)| =1 = Ynt1] = lynl
|R(z)[ >1 = [Yns1l > lynl = [Yn| — o0 (unstable)

The stability region of a method is defined by
S={ze€C : |R(z)] <1}.

To get a stable numerical solution, we have to choose the step size h such that z = Ah € S.

19



Example 2, continued: In the case of Euler’s method, we have obtained the stability function
R(z)=1+z.
As a consequence, the stability region for Euler’s method is
S={zeC : 1+ <1}
This is a ball in the complex plane, which is centered at —1 and has a radius of 1.

Numerical example 2: We have already discussed the stability function and stability region for Euler’s
method in the example above. We now solve the introductory problem

, -2 1 sin(z) 2
= 5 0 == 5 a O.
Y ( a—1 —a >y+ < a(cos(x) — sin(x)) ) ¥(©0) < 3 ) g

by Euler’s method. We know that the eigenvalues of the matrix A are Ay = —1 and Ay = —(1 + a).

For the numerical solution to be stable for both eigenvalues, we have to require that the step length h
satisfies
|1—|—)\1h|§ 1 and ‘1+/\2h|§ 1.

Since both eigenvalues in this case are real and negative, we see after a short computation that this results
in the requirement that

2
h < .
“1+4a

Try a =9 and a = 999. Choose step sizes a little bit over and under the stability boundary, and you can
experience that the result is sharp. If h is just a tiny bit above, you may have to increase the interval of
integration to see the unstable solution.

It is the term corresponding to the eigenvalue Ao = —(a + 1) which makes the solution unstable. And the
solution oscillate since R(z) < —1 for h > 2/(1 + a).
Exercise 2:

1. Find the stability region for Heun’s method.

2. Repeat the experiment in Example 2 using Heun’s mehod.

NB! Usually the error estimation in adaptive methods will detect the unstability and force the step
size to stay inside or near the stability interval. This explains the behaviour of the experiment in the
introduction of this note.

8 A-stable methods.

In an ideal world, we would prefer the stability interval to satisfy
SOC :={zeC : Rz<0},

such that the method is stable for all A € C with ®A < 0 and for all h. Such methods are called
A-stable. For all explicit methods, like Euler’s and Heun’s, the stability function will be a polynomial, and
|R(z)| — oo as z — —oo. Explicit methods can never be A-stable, and we therefore have to search among
implicit methods. The simplest of those is the implicit, or backward, Euler’s method, given by

Ynt+1 = Yn + hf (Tnt1,Ynt1)-
Applied to the linear test equation ¢y’ = Ay, this results in the update

1
Yn+1 = Yn + "RAYn11 or Yn+1 = myn

We therefore see that we have the stability function




The stability region for the implicit Euler function is thus
1
S:{zE(C : ’T‘Sl}:{ze(c s 1=z > 1}
—z

This is the whole complex plan apart from an open ball with center +1 and radius 1. Thus the method is
A-stable, as every complex number z with Rz < 0 is contained in S.

8.1 Implementation of implicit Euler’s method

For simplicity, we will only discuss the implementation of implicit Euler’s method for linear systems of
the form

y' = Ay +g(=),
where A is a constant matrix. In this case, one step of implicit Euler is given by

Ynt+1 =¥n + hAyn-‘rl + hg(xn-i-l)'

Thus a linear system
(I - hA)Yn+l =Yn+ hg(xn+1)

has to be solved with respect to y,+1 for each step.

In the implementation below, the right hand side of the ODE is implemented as a function rhs, returning
the matrix A and the vector g(x) for each step. The function implicit_euler does one step with implicit
Euler. It has the same interface as the explicit method, so that the function ode_solve can be used as
before.

Numerical example 3: Solve the test equation with

-2 1 sin(z)
A= 5 xr) = )
< a—1 -a ) &) < a(cos(z) — sin(x)) )

by the implicit Euler method. Choose a = 2 and a = 999, and try different stepsizes like h = 0.1 and
h = 0.01. Are there any stability issues in this case?

Exercise 2: The trapezoidal rule is an implicit method which for a general ODE y'(x) = f(z,y(z)) is
given by

h
5 <f(xn7 Yn) + f(xn+17 YTL-"-l)) .

1. Find the stability function to the trapezoidal rule, and prove that it is A-stable.

Yn+1 = ¥Yn +

2. Implement the method, and repeat the experiment above.

8.2 Adaptive methods.

Implicit Euler is a method of order 1, and the trapezoidal rule of order 2. Thus, these can be used for
error estimation: Perform one step with each of the methods, use the difference between the solutions as
an error estimate, and use the solution from the trapezoidal rule to advance the solution. This has been
implemented in the function trapezoidal_ieuler. The interface is as for the embedded pair heun_euler,
so the adaptive solver ode_adaptive can be used as before.

Numerical example 4: Repeat the experiment from the introduction, using trapezoidal_euler.

We observe that there are no longer any step size restriction because of stability. The algorithm behaves
as expected.

Comment: Implicit methods can of course also be applied for nonlinear ODEs. Implicit Euler’s method
will be
Yn+1 = Yn + hf(JU, Yn-‘rl)y

which is a nonlinear system which has to be solved for each step. Similar for the trapezoidal rule. Usually
these equations are solved by Newton’s method or some simplification of it.
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8.3 A summary of some terms and definitions

There have been quite a few definitions and different error terms in this note. So let us list some of them
(not exclusive):

Definitions:
y' =f(z,y) the ODE
y(z; 2", y%), the exact solution of the ODE through (z*,y™)
y(z) = y(z; 2o, ¥0), the exact solution of y’ = f(z,y), y(zo) = yo
Ynt1 =Yn + h®(xn, yn; h), one step of the method

Let ® represent a method of order p and & a method of order p+ 1.

-
Error concepts:

dpi1 =y(@n +h; zn,y(x,)) — (y(xn) + h®(z,, y(2); h))7 the local truncation error

Livi=y@n+h; xn,yn) — (yn + h®(zp,, Yn; h)), the local error
le, 11 = h<'i’(;z:n, Yn; h) — ®(xn, yn; h))7 the local error estimate, le,+1 ~ 1,11
e, =y(xn) —¥n the global error

Stability concepts:

Linear test equation:
Yy = My, A <0.

Stability function R(z), given by the method applied to the test problem:
Yn+1 = R(2)yn, z = Ah.

Stability region S:
S={zeC, |R(E)|<1}.

A-stability:
SOC  ={zeC : Rz<0},

which is the same as the requirement that

|R(z)| <1 for all z with Rz < 0.
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