Chapter 1

Explicit One-Step Methods

Remark 1.1 Contents. This class presents methods for the numerical solution of
explicit systems of initial value problems for ordinary differential equations of first
order

Y'(z) =f(z,y(z)), y(xo) =yo.

For the most part, only initial value problems for scalar ordinary differential
equations of first order

y'(x) = flz,y(2)), y(xo) = yo0, (1.1)
considered, for simplicity of presentation. The extension of the results and the
methods to systems is generally straightforward. O

1.1 Consistency and Convergence

Definition 1.2 Grid, step size. A grid is a decomposition I, of the interval
I =[x, ]
Iy =A{xo,x1,..., 28 = xc}

with g < 1 < ... < . The differences between neighboring grid points hy =
Tp+1 — Xk are called step sizes. O

Definition 1.3 Explicit and implicit methods. Let y(z)) denote the solution
of (1.1) in the node zj and y a numerical approximation of y(zx). A numerical
method for the solution of (1.1) on a grid I, is called explicit, if an approximation
Yk+1 in xpy1 can be calculated directly from already computed values y;, i < k.
Otherwise, the method is called implicit method. Implicit methods require in each
step the solution of a generally nonlinear equation for computing yxy1. O

Definition 1.4 One-step method, incremental function. A one-step method
for the computation of an approximation y41 of the solution of (1.1) on a grid Iy,
has the form

Yk+1 :yk+hkq) (zvyvhk)v k:0717"'a Yo :y(IO) (12)

Here, ®(-,-,-) is called incremental function of the one-step method. |



Example 1.5 One-step methods, incremental functions. The explicit or forward
Euler method

yk+1:yk+hkf(xk7yk)v k:071727"°7 yo:y(x0)7

is an explicit one-step method with the incremental function

@ (z,y,he) = f (r, yr) -

The computation of y1 requires only the substitution of already computed values
into the function f(z,y).
The implicit or backward Euler method

Ykt1 = Yk + i f (Trg1,y641), E=0,1,2,...,  yo = y(xo),

is an implicit one-step method with the incremental function

@ (x7yahk) = f($k+17yk+1) .

One has to solve an equation for computing yx4+1. The complexity of this step
depends on f(z,y). a

Remark 1.6 Representation of implicit one-step methods. Explicit one-step meth-
ods have an incremental function of the form ® (zy, yx, hx). For the considerations
in this section, one can adopt the point of view that also implicit one-step methods
can be written as explicit one-step methods, but generally one does not know the
concrete form of the incremental function. |

Example 1.7 Incremental function of the implicit Fuler method. The incremental
function of the implicit Euler method can be written in the form

P (x,y,h) = f(x+h,y+h®(z,y,h)),

which allows formally the representation of this method as explicit one-step scheme.
O

Definition 1.8 Local error. Let ;41 be the result of one step of an explicit
one-step method (1.2) with the initial value at the solution y(z), i.e.,

Ok+1 = y(xr) + he® (zr, y(zi), P ) -
Then,
le (zr41) = lert1 = ¥ (Trr1) — rsa

is called local error, see Figure 1.1 |

Remark 1.9 The local error. In the literature, sometimes

Y (Tr1) — y(xr)

h _(I)(xkay(xk>7hk)
k

is defined to be the local error.
One should require for a reasonable method that the local error is small in an
appropriate sense. O
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Figure 1.1: The local error.

Definition 1.10 Consistent method. Let y(x) be the solution of the initial value
problem (1.1), hyax = maxy by and

S:={(z,y) : x € [xo,z], y € R}.

The one-step method (1.2) is said to be consistent, if for all f € C(S), that satisty
in S a Lipschitz condition with respect to y, it holds

lim <max 7‘16 (xk+1)|> =0

Rmax—0 \ €I, hy,
or
i (e o)) = @ o). 1)l ) =0
Both conditions are equivalent. problem for exercises O

Remark 1.11 Approzimation of the derivative with the incremental function. For
bounded incremental functions it is obvious that the local error converges to zero
if Amax — 0, because in this case it holds hx — 0 and gx4+1 — y(xk). Consistency
requires more, namely that the incremental function approximates the derivative of
the solution sufficiently well

le (Tp+1) _ Y (Trs1) — y(an)

= — @ (z, y(zr), i) =y (x) — @ (x5, y(xr), hi) -
hy, hi

O

Example 1.12 Consistency of the explicit Euler method. For the explicit Euler
method is ® (x, y(zk), hi) = f (xk, y(zx)) . Hence, the second condition from Defi-
nition 1.10 is satisfied and the method is consistent. a

Remark 1.13 Quality of the approxzimation of the incremental function. For prac-
tical purposes, not only the consistency itself but the quality of the approximation
of the derivative by the incremental function is essential. The quality allows a com-
parison of different one-step methods. For simplicity of presentation, let hy = h for
all k. |

Definition 1.14 Order of consistency. An explicit one-step method (1.2) has
the consistency order p € N if p is the largest natural number such that for all
functions f € C(S), which satisfy a Lipschitz condition with respect to y, it holds

lle (x), + h)| < ch?™!

for all zy, € Iy, for all I}, with h € (0, H], and where the constant ¢ > 0 is indepen-
dent of h. The constant ¢ might depend on derivatives of y(z), on f(z,y), and on
partial derivatives of f(x,y). a



Example 1.15 Order of consistency of the explicit Fuler method. Consider the
explicit Euler method and assume that the function y(x) is two times continously
differentiable. Then it follows with Taylor series expansion and using the differential
equation that

ook + B =yt +h) — i
2
= lytan) + by (o) + o (o OB) — yla) — b f (o ()|
[

=y'(zk)
h? h?
= 5 ly" (z), + 0h)| < 5 W2 (woe. -
with @ € (0,1). Hence, the method has consistency order 1. a

Remark 1.16 Consistency and convergence. The consistency is a local property
of a one-step method. For practical purposes it is important that the computed
solution converges to the analytical solution if the grid becomes finer and finer. Of
course, the order of convergence is of importance, too.

It will be shown that, under certain conditions, the convergence of a one-step
method follows from its consistency and that the order of convergence equals the
consistency order. O

Definition 1.17 Convergent method, order of convergence. A one-step
method (1.2) converges for the initial value problem (1.1) on the interval I = [zg, z.],
if for each sequence of grids {I} with hmyax = maxyp, hy — 0 for the global error

e(zr, h) = y(or) —yr, ok € In,

it follows that
max |e(zx, h)] = 0 for hmax — 0.
xE€lp

The one-step method has the order of convergence p*, if p* is the largest natural
number such that for all step lengths hyax € (0, H] it holds

le(zg, h)| < chﬁl*,(LX YV xy € Iy,
where ¢ > 0 is independent of Ay ax. O

Lemma 1.18 Estimate for a sequence of real numbers. Assume that for real
numbers x,, n =0,1,..., the inequality

‘xn+1| < (1 + 5) ‘$n| + B

holds with constants 6 > 0, B > 0. Then, it follows that

né 1

ond _
|2n| < €™ 2| + ——

5 B, n=0,1,...

Proof: With induction, problem for exercises. [ ]

Theorem 1.19 Connection of consistency and convergence. Let y(z) be the
solution of the initial value problem (1.1) with f € C(S). Let a Lipschitz condition
hold for the second argument of the incremental function

‘(I)(zvyhh) - (I)($7y27h’)| < M|y1 _y2| v (x,y) € S7 h € (OaH]



Assume that for the local error the estimate
lle (z, + h)| < ch?™ VY ax €I, he(0,H]

is valid and assume that yo = y(xo).
Then, it follows for the global error that

eM(ackJrl—aco) —1

le(zkt1,h)| < ¢ 7 h?,
where ¢ is indepent of h.
Proof: It holds
Yerr = Yk +h® (T, yk, h),
y(zet1) = y(zr) +h® (zk,y(zk), h) +1le(zr11), k=0,1,....

Then, it follows with the triangle inequality and the Lipschitz condition of the incremental
function that

le(xre1, )| = |y(zrs1) — yrr1

(

ly(zx) —yk+1e(9~°k+1)+h( (zk, y(zx), ) — @ (zk, Yk, h) )|

= |e(ac —|—le(xk+1)—|—h( (mk,y(xk),h)—@(mk,yk,h))’
le(zk, h)| + le (zrg1)| + A [P (zr, y(zk), h) — P (&, Yi, h)]

le(@r, )| + ch"* + hM |y(xr) — il

(14 hM) |e(zg, h)| + chPT.

INIA

This sequence of inequalities has the form that was considered in Lemma 1.18. One obtains
with e(zo) =0

ek DRM _ 4 e]\/[(szrl—zo) 1

le(erin, )] < €SN fe(ao)| + e hTH = T

Remark 1.20 To Theorem 1.19.
e The consideration of a constant step length is only for simplicity of presentation.
The result of the theorems holds also for non-constant step lengths with A =

maxpg hk
e The one-step methods computes an approximation y of the solution in the grid
points xx, £k = 0,1,...,N. To enable a better comparison with the analyti-

cal solution, one connects these points linearly form (zk,yr) to (Tr41, Yk+1)-
One obtains a piecewise linear approximation of the solution that is defined on
[0, 7). This function is called y"(x). The considerations from above can be
extended to the function y"(x).

O

1.2 Explicit Runge-Kutta Schemes

Remark 1.21 Idea. The Euler methods are only of first order. The idea of
Runge!-Kutta? methods consists in using an incremental function ®(x,y, h) that is
a linear combination of values of f(z,y) in discrete points. With this approach, one
obtains methods of higher order for the cost of evaluating more values of f(x,y).

LCarle David Tolmé Runge (1856 — 1927)
2Martin Kutta (1867 — 1944)



This approach can be illustrated well at the integral equation that is equivalent
to the initial value problem (1.1). For simplicity, let the right hand side of (1.1)
depend only on z. Then, the integral equation has the form

) =0+ [ "5 d. (1.3)

The idea of the Runge-Kutta methods consists in approximating the right hand
side by a quadrature rule, e.g., in the interval [zk, zr4+1] by

/ o F(t) dt m iy bsf (o + ¢jhi)

k j=1

with the weights b; and the nodes zj + c;h.
In the following, only hy = h for all k will be considered for the reason of
simplicity. O

Definition 1.22 Runge—Kutta methods, increments, stages. A Runge-Kutta
method has the form

Yk+1 = Yk +h®(2,y,h), k=0,1,..., yo = y(xo),

where the incremental function is defined with the help of

Kz(x7y?h):f xk+cihayk+hzainj<x7yah)

j=1
by
q)(x, Y, h) = Z biKl(x, Y, h)a
i=1

with ¢1,...,¢5,01,...,bs,a;5; € R, 4,5 = 1,...,s. The quantities K;(z,y,h), ¢ =
1,...,s, are called increments. The natural number s € N is the number of stages
of the method.

An equivalent definition is as follows

s
® Y + hZaijf (Jfk + th,yl(izl) R

Ypt1 =
j=1
O(z,y,h) = Y bif (wk + Cihay)(jjq) .
i=1
The intermediate values y,(;ll are called stages. O

Remark 1.23 Butcher® tableau. For the reason of clearity, one writes a Runge—
Kutta scheme in general in form of a tableau, the so-called Butcher tableau

C1|aG11 aiz -+ Ais
C2 | @21 G22 -+ A2s
C3 | as1 aG32 -+ A3s cl A
1.4
= (1.4)
Cs As1 Ag2 T Ass
bl b2 . bs

Here, ¢ are the nodes, A is the matrix of the method, and b are the weights. o

3John C. Butcher, born. 1933



Remark 1.24 Increments and Butcher tableau. For explicit Runge-Kutta schemes,
the increments can be computed one after another

Kl(%@/a h) = f($k7yk?)7
KQ(xvya h) = f(xk+c2hvyk+ha21K1(x7ya h))a
s—1
Ks($7ya h) = f $k+cshvyk+hzastj(x7y7h)
j=1
The Butcher tableau has the form
0
C2 | G21
C3 | 31 a3s2
Cs | Qs1 G52 e As . s—1
by by o bso1 bs

O

Example 1.25 Ezplicit Euler scheme. The explicit Euler scheme is an explicit
Runge-Kutta scheme with the Butcher tableau

0
T
In the integral equation, the approximation

/ " H (1) di ~ b (o ()

Tk

is used, see the proof of the Theorem of Peano, lectures notes of Numerical Mathe-
matics 1. O

Theorem 1.26 Consistency of explicit Runge—-Kutta schemes. Let f €
C(9), see Definition 1.10. An explicit Runge—Kutta scheme is consistent if and

only if
> bi=1. (1.5)
=1

Proof: From the continuity of f(z,y) it follows that
}ILIH})KZ(Ivya h) = f(xkay(mk))7 v (l'7y) €8,i=1,...,s,
o

for the case that the initial value of this step is yx = y(zx). The continuity of the absolute
value function gives

H [ f (e, y(on)) = @ (@, y () he)|l = lim ) faw, y(@) *;biKi(%y, h)

‘f(xlm y(zr)) — Zl bi lim Ki(x,y, h)

‘f(wkvy(wk)) (1 - Zb> ‘ =0

if and only if 3°7_, b; = 1. Hence, the second condition in Definition 1.10 is satisfied. W




Theorem 1.27 Interpretation of the increments. Let for the solution of (1.1)
hold y € C?([wo, z.]), let f € C(S), and let f be Lipschitz continuous in the second
argument. If yp = y(zx) and

i—1
c=Y ay, i>2 (1.6)
j=1

holds, then K;(z,y,h) is an approzimation of at least first order to y'(x +c;h), i.e.,
Y (z + c;h) — Ki(z,y,h) = O (h?).

Proof: The proof follows by induction.
1 = 2. For ¢ = 2 follows with (1.1), the Lipschitz continuity, and Taylor series expansion
that

’y/(xk + c2h) — Ko(z,y, h)’
= |f (@& + c2h, y(@r + c2h)) — f (xk + c2h, y(zr) + hazi f(ze, y(2k)))]
Ly(zk + c2h) — y(zx) — has1 f(zx, y(zx))]
= Lly(zx) + cohyf (wx) + O(h?) — y(ax) — hasiy/ (z1)|
= L|(c —azl)hy'(ack)+(9(h2)}.

IN

Hence, in the case c2 = a21 the error is of order (’)(h2).
i > 2. Let the asymptotic order of the errors be proved for all indices 2,...,7 — 1.
Then, one gets in the same way as for ¢ = 2

|y/($k + Clh) - Ki(x7y7 h)|

i—1
f(xe + cih,y(zk + cih)) — f <xk +cih, y(zk) + hZaz] (z,vy, h)> ’

=i
< L|y(zk + cih) — y(zk) hzaw i(z,y,h
= L|y(zx) + cihy'(zx) + O(h?) — y(an) hZ (as (v' (2 + 5 )‘*’O(hz)))‘
= Ll|ehy/(z1) + O(h?) — hZ ai; (' (zx) + O(h )))‘
= Ll <cl Zau> (zk) + O(R?)|.
The order of the error O(h?) is given, if ¢; = >.'"! ay;. [ |

J=

Remark 1.28 Conditions on the coefficients for certain orders of convergence. The
conditions from Theorems 1.26 and 1.27 are satisfied for many explicit Runge—Kutta
schemes. The goal consists in determining the coefficients by, ..., bs, and a;; in such
a way that one obtains an order of consistency as high as possible. The consistency
order of a Runge—Kutta scheme with s stages can be derived from the Taylor series
expansion of the local error. Let (1.5) be valid, then one obtains, e.g.,

e A Runge-Kutta scheme with the parameters (A4, b, c) has at least consistency

order p = 2 if
S
1
ijCj = 5 (17)
=1

This condition will be shown in Example 1.29 for s = 2.



e If in addition
S 1 S S 1
ij(ﬁ =3 and ij 4jkCh = g
j=1 j=1 k=1
hold, then the order of consistency is at least p = 3.
The proof of the last statement and conditions for even higher order consistency

can be found in the literature, e.g. in (Strehmel and Weiner, 1995; Strehmel et al.,
2012, Section 2.4.2). m]

Example 1.29 Runge—Kutta methods with 2 stages. For the investigation of 2-
stage Runge-Kutta schemes one considers for simplicity the so-called autonomous
initial value problem

y'(x) = fly(x), y(zo) = yo.
One has for the increments
Ki(y,h) = f(yw),
Ks(y,h) = f(yx+haoiKi(yk, h)) = f (yx + hazi f(yx))
f(yr) + hazy f (k) £y (yr) + O(h?).

If the initial value is exact, it follows for the incremental function that

Q(y(zr)) = biKi(y,h)+b2Ka(y,h)
= (b1 +b2) f(y(xx)) + hbaao f (y(zk)) fy (y(zk)) + O(R?).

The Taylor series expansion of the solution has the form

Yok +h) = yla) +h ¥ (n) oy () + O (1)
——

2
=f(y(zk))
One obtains with the chain rule

(@) = o/ () = - f(y(@) = Fu () = £,(5) f(o())

Now, it follows for the local error that
le(zp +h) = ylzx +h) —y(ze) — h®(y(zr))
2

= ylow) + hf(y(ee)) + % (fy (@) f(y(zn)) + O (h*) — y(zx)

(01 + B2) () + Rbaans [y oy (y(an)) + OG2) )

= (1~ (b1 +b2)) f(y(wr)) + h? (; - b2a21> Fly(en)) fy (y(zk))
+0 (h?).

To achieve an order of consistency as large as possible, the first two terms have to
vanish. One obtains with the condition ¢y = a9 that

1 1
b1+b2:1, b2a21:§ < b202=§.

The first equation is the general condition for consistency (1.5) and the second
condition is exactly (1.7) for s = 2. These two conditions characterize all 2-stage
explicit Runge-Kutta methods that possess consistency and convergence order 2

C2 ‘ C2

_ 1 I
‘1 2C2 262

with co # 0.

10



In the case ¢ = 1/2, one obtains the method of Runge (1895)

1/2 [ 1/2
0 1°

This method corresponds with respect to the approximation of the integral in (1.3)
to the application of the mid point rule.
For ¢y = 1 one gets the method of Heun* (1900)

1] 1
12 1/2°

which corresponds to the use of the trapezoidal rule for the numerical quadrature
in (1.3). a

Remark 1.30 Autonomous ordinary differential equations. Every explicit first or-
der ordinary differential equation

y'(x) = f(z,y(x))

can be transformed into an autonomous form
- = . flx,y(x
7 =) = (7))

by introducing the function

§(z) =2 and §(z) = ( g((g )
O

Theorem 1.31 Consistency and convergence of explicit Runge—Kutta
methods. Let y(x) be the solution of the initial value problem (1.1) with f € C(S)
and let f(z,y) satisfy a Lipschitz condition in the second argument. Then, an ex-
plicit Runge—Kutta scheme that is consistent of order p converges also with order p.

Proof: The incremental function of an explicit Runge-Kutta scheme is a linear com-
bination of values of the right hand side f(z,y). Thus, the assumptions of Theorem 1.19
are satisfied since the Lipschitz condition in this theorem follows from the required Lips-
chitz condition on the right hand side of the differential equation. The statement of the
theorem follows now directly from Theorem 1.19. ]

Remark 1.32 Ezxplicit Runge—Kutta methods of higher order. Analogously to 2-
stage methods, it is possible to derive conditions on the coefficients of an explicit
Runge-Kutta scheme in order to construct methods of higher order. An important
question is the minimal number of stages that is necessary to be able to reach a
certain order. Some answers to this question are from Butcher (1963, 1965, 1985)

p |1 2 3 4 5 6 7 8
mins [1 2 3 4 6 7 9 11°

4Karl Heun (1859 — 1929)

11



Example 1.33 Classical Runge—Kutta scheme (1901). The so-called classical Run-
ge—Kutta scheme has four stages and the Butcher tableau

0
1/2 | 1/2
12| 0 1/2

10 o0 1
|1/6 1/3 1/3 1/6

It is based on the Simpson® rule. The center node of the Simpson rule is used
twice, co = c3, but with a different second argument for the computation of the
increments. This method is of fourth order. |

1.3 Step Length Control

Remark 1.34 Motivation. The considerations so far did not provide a way for es-
timating a good step length for solving a given initial value problem with prescribed
accuracy and with as little work as possible. A good step length depends certainly
on the concrete problem and generally it will change within the considered interval.
For these reasons, the step length has to be controlled during the numerical solution
of the initial value problem.

A typical approach consists in computing two approximations of the solution in
a node with different methods and to draw conclusions on the size of the local error
based on the difference of these approximations. Of course, the consideration of the
global error would be better. However, Theorem 1.19 shows that on the one hand
the global error is influenced by problem-dependent terms, like the length of the
interval [0, 7] or the Lipschitz constant. On the other hand, the global error can be
small only if the local errors are small. O

1.3.1 The Richardson Method

Remark 1.35 Idea. Given a numerical method for solving an initial value problem

and given a step length h. The Richardson® method consists of the following steps,

see also Figure 1.2:

1. Starting from a node (z,yo) and using a step length of 2k, an approximation
yon, at the node xg + 2h will be computed.

2. Two approximations yp and yoxp in xg + h and xg 4+ 2h are computed with two
steps of length h.

3. The step length will be controlled by comparing yop and yaxp.

In general, the more accurate approximation will be y2x,. In addition, it will be

demonstrated that it is possible to improve the accuracy of ysx, with the informa-

tion obtained by this method. m]

Example 1.36 Richardson method for an explicit 2-stage Runge—Kutta method.
Consider an explicit 2-stage Runge—Kutta scheme. One obtains in the first step of
the Richardson method

1 _

Yon = Yo,
y;i) = Yo + 2ha21f(x05 y0)7
yor, = Yo+ 20 [biKi(x,y) + baKo(z,y)]

= yo+2h [blf(zo,yéi)) +baf (SCO + 202%2453)} )

5Thomas Simpson (1710 — 1761)
6Lewis Fry Richardson (1881 — 1953)

12



1 T
To To+h To 4+ 2h

Figure 1.2: Sketch of the Richardson method.

or written as Butcher tableau

0
262 2&21
| 20y 2Dy

The second step of the Richardson method yields
(1)

Yosxn = Yo,
yfx)h = yo+ haai f(zo, yo),
yéi)h =y = yo+h {blf (l’o,yélx)h) +bof (930 + Czh@/fx)h)] ;
yé‘i)h = yn + hao1 f(zo + h,yn),
Yon = yn o+ [buf (o + hoyn) + bof (w0 + o+ cah i, )|

The Butcher tableau of this method is

0
C2 a21
1 b1 by

l4+ca| by by ao
o b b b

That means, the computation of ysx, is equivalent to the computation of an ap-
proximation with the help of an explicit 4-stage Runge-Kutta scheme.
Altogether, 5 function evaluations are needed:

f(xo,90), f (950 + 202}173/;)) o (950 + c2h, ygi)h) )
flxo+h,yn), f (930 +h+ CZhvyglx)h) :

In the case of a s-stage Runge-Kutta method, 3s — 1 function evaluations are
required. This number is rather large and the high costs per time step are a disad-
vantage of the Richardson method. ]

Remark 1.37 Comparison of both approximations. Consider a one-step method
Yk+1 = Yk + h®(z,y, h)

of order p. Let the initial value zg be exact, then it follows for the local error in
zo + 2h that
Y(xo + 2h) — yor, = c(w0)(2h)PT + O (RPH2). (1.8)

For estimating the local error in yo«p it will be assumed that the incremental func-
tion ®(x,y, h) is Lipschitz continuous in the second argument. This assumption is

13



always satisfied for explicit Runge—Kutta schemes if f(z,y) possesses this property,
see the proof of Theorem 1.31. It is

y2><h::l/h—"_h'(b (x+huyh7h) (19)

Let
Joxn = y(xo + h) + h® (z + h,y(zo + h), h) (1.10)
the iterate which is computed with the exact starting value. Using the definition of
the consistency order, one obtains with (1.9) and (1.10)
y(xo + 2h) — yaxn
(y(zo + 2h) — J2xn) + (J2xn — Y2xn)
c(zo + h)RPT 4+ O (hP?) ] + [y(xo + h) + h® (z + h,y(zo + h), h)

fyhfhtl)(:chh,yh,h)].

For the terms with the incremental function, one gets from the Lipschitz continuity
and the consistency order

|h® (x + h,y(x0 + h), h) — h® (z + h,yn, )| < hL|y(zo + h) —yu| = O (WP*?).
It follows that

y(xo + 2h) — yaxn

= c(zo+h)RPT +y(20 + h) —yn + O (WPH?)

= c(zo +h)RPT 4 c(zo) WP T + O (RPF?) + O (hPH?)

2c(zo) WP + O (hP1?) (1.11)

where one assumes that c(xg + h) = ¢(zg) + O(h), i.e., that the constants do not
change too rapidly.

Neglecting in (1.8) and (1.11) the higher order terms allows to eliminate the
constant. One obtains

1 (yasn —yan ) 1
c(zg) = B ( 1 > e (1.12)

It follows for the local error of the more accurate method that

y(wo +2h) = o = LA 1O (WF2). (1.13)

Remark 1.38 Increasing the accuracy. Rearranging terms in (1.13) gives

y(zo + 2h) — (y2><h y Y2k T U2h y2h> =0 (W1?).

2P — 1
Then,
_ N + Y2xh — Y2n
Yaxn = Y2xh o —1
is an approximation of the solution of order p + 1. O

Remark 1.39 Automatic step length control. From (1.12) it follows that

_ lyexn — yanl pi1
err= -~ 2¢(xo)h (1.14)
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is a computable approximation of the local error. This approximation will be com-
pared with a prescribed tolerance. Often, a so-called scaled tolerance sc is used,
(Hairer et al., 1993, p. 167) or (Strehmel et al., 2012, p. 61). The scaled tolerance
is a combination of an absolute tolerance atol and a relative tolerance rtol

sc = atol + max {|yo| , |y2xn|} rtol.

Then, the scaled error

erry, = [y2xn — Yan|
(2P — 1)sc

is defined.

o Iferrge <1 <= err < sc, then the performed step will be accepted. Starting
from yaxp OF Yoy p, the next step will be performed. If 7, ;, is used, this approach
is also called local Richardson extrapolation.

An important aspect is the choice of the step length hye, for the next step. The
guideline is that the scaled error for the next step should be on the one hand

still smaller than 1 but on the other hand as close as one as possible. Following
(1.14), it should hold

Tnew  2¢ (20 + 2hnew) hBET 2¢(xo) REL)

1 — — new new
sc sc sc
2C(x0)hp+1 hnew P hnew it
== N eITge | —— )
sc h T h
i.e. hpew has to be chosen such that
1\ Y@+
Pnew & ( > h. (1.15)
eITg.

e Iferrs. > 1, then the performed step will be rejected. The Richardson is repeated
from (x9,y0) with a step length hpew < h.
That means, the work which was spent for performing the step with step length
h was wasted. One likes to avoid this situation.
O

Remark 1.40 Issues of the practical implementation. In practical simulations, one
uses some modifications of (1.15) for stabilizing the algorithm.
o A safety factor a € (0,1) is introduced

L\ V@D
hnew =« ( ) h7

€TTgc

often a € [0.8,0.9].

e One likes to avoid large oscillations of the sizes of subsequent steps. For this
reason, a factor for the maximal increase ay,ax of the new step size with respect
to the current step size and a factor for the maximal decrease apin < Qunax are
used. Then, one obtains

1 1/(p+1)
Rpew = hmin { Gmax, Max { Qmin, & ( ) .
eITsc

If a very large step length is proposed

1\ Y@+
« ( ) > Qmax,

€ITgc

then the factor am.x becomes effective and similarly for the case that a very
small step length is proposed.
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e Usually, one describes a minimal step length A, and a maximal step length
hmax and requires for all step lengths that hy € [Amin, Pmax)-

e In the first step, one has to estimate h. Generally, this estimate has to be cor-
rected. In practice, this correction is done very fast by algorithms for automatic
step length control. An algorithm for determining a good initial step length can
be found in (Hairer et al., 1993, p. 168).

O

1.3.2 Embedded Runge-Kutta Schemes

Remark 1.41 Motivation, embedded Runge—Kutta schemes. Richardson extrapo-
lation is quite expensive in terms of evaluations of the incremental function. It is
possible to construct a step length control that needs less evaluations, with so-called
embedded Runge-Kutta schemes.

The idea of embedded Runge-Kutta schemes consists in computing numerical
approximations of the solution at the next time with two one-step methods with
different order. The methods are chosen in such a way that it is possible to use
certain evaluations of the incremental function for both of them. That means, one
has to construct a Runge-Kutta scheme of the form

0
C2 | G21
)
Cs | Qg1+ (g 51
131 o lzsfl {)s
bl e bs—l bs

such that

Y1 = Yo + hzbiKi(xvy)
i=1

is order of p and

=y +h> biKi(z,y)

i=1
is of order ¢, see Figure 1.3. In general, itisg=p—1org=p+ 1. |
#1
-

| |
xo T+ h

Figure 1.3: Sketch of embedded Runge-Kutta schemes.

16



Example 1.42 Runge—Kutta—Fehlberg 2(3). Consider explicit Runge—Kutta schemes
with 3 stages
0
C2 | a21
C3 | az1  a3z2 .
by by b3 p=2
by by by q=3
One of the schemes should be of order 2 and the other one of third order. There are
11 parameters to choose. From Theorem 1.26, Theorem 1.27 , and Remark 1.28 it
follows that 8 equations have to be satisfied

C2 =  a21,
c3 = a3 +asg,
b1 +ba+b3 = 1,
1
bacy +bzcz = 2
b1 +ba+b3 = 1,
- - 1
bacy +bzcz = 2
72 7 2 1
b262 + bgCS = g,
~ 1
b3a3202 = 6

That means, one has to set three parameters. First, one can choose c; =1, b3 = 0.
Then, it follows from the first equation that as; = 1, from the fourth equation that
by = 1/2, and from the third equation that b; = 1/2. Now, one chooses c3 = 1/2.
From the sixth and seventh equation it follows that by = 1/6 and bs = 4/6. Then,
one gets from the fifth equation b; = 1/6 and from the eight equation asy = 1/4.
Finally, the second equation gives ag; = 1/4. The resulting methods have the form

0
1|1
1/2 [ 1/4 1/4

12 12 0 p=2
1/6 1/6 4/6 q=3

The method with order ¢ = 3 is the Simpson rule. The complete embedded approach
is called Runge-Kutta—Fehlberg” 2(3) method (RKF 2(3)). m

Remark 1.43 Error estimate, theoretical drawback. It holds for the embedded
scheme

y1 =y(xo+h)+ O (KPT), 1 =ylzo+h)+ O (7).
It follows that

lerr| = [§1 —w1| = |y(xo + h) + O (RPT) —y(zo + h) + O (7]
= lo@*)+o ()] (1.16)

is an estimate of the main error term of the Runge-Kutta scheme of order ¢* =
min{p, ¢}. That means, one obtains only an estimate of the error of the lower
order method. To obtain information only on the lower order method is the main
theoretical drawback of the approach, since one is interested actually in the higher
order method and one will continue the computation also from the higher order
approximation. O

"Erwin Fehlberg (1911 — 1972)
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Remark 1.44 Automatic step length control, I Controller. Let h be the step size
that was used for computing y; of order p and ¢; of order ¢ with p < ¢q. From

(1.16), one has

err =y, — §1 = chPTL.

Given a tolerance tol for the maximal local error.
e One approach consists in controlling the error per step (EPS). Then, one requires

that
r1 = |err| < tol. (1.17)

If this condition is satisfied, then one requires for the new step size that the local
error is equal to the tolerance
|| hEEL = tol.

new

This requirement gives

t 1 1/(p+1) t 1 1/(p+1)
L — (e h
] e hptt

Thus, the new step length is computed by

1\ /%
hnew = (a 0 ) h, (1.18)

1

where k =p+ 1 and « € (0,1) is again a safety factor.
e Another way is the consideration of the error relative to the current step length,
the so-called error per unit step (EPUS),

S lerr]
1=
The satisfaction of a condition of form (1.17) leads to a new step of form (1.18)
with k& = p.
e If (1.17) is not satisfied, then the step is rejected and it will be repeated with a

step length smaller than h.
e A generalization of this approach is the so-called T Controller. Replacing in

(1.18) 1/k by ky gives
P tol \ ¥’ b
new — ’]"1 M

For obtaining a useful automatic step length control mechanism, the choice
kk; = 1 is not necessary. The following choices can be found in the literature

kkr €10,2] < ks €][0,2/k] stable control,
kkr € (1,2) < kre(1/k,2/k) fast and oscillating control,
kkr € (0,1) <= k;e€(0,1/k) slow and smooth control,

kkir=1 < kr=1/k standard I Controller.

There are more sophisticated controllers that are used in practical simulations,
see Soderlind (2002) for an overview.
O

Remark 1.45 Methods used in practice. In practice, one uses, e.g.,
o RKF 4(5), s = 6, Fehlberg (1964),
e RKF 7(8), s = 13, Fehlberg (1969),
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e DOPRI 4(5) (or DOPRI 5(4) or DOPRI5), s = 6, Dormand®, Prince®: Dormand
and Prince (1980),
e DOPRI 7(8), s = 13, Prince and Dormand (1981).
The standard routine ode45 from MATLAB uses DOPRI 4(5) and the routine ode23
uses RKF 2(3), see Example 1.42. a

Remark 1.46 Fehlberg trick. The Fehlberg trick requires that

s—1 s
K,=f (xk + csh, yr + hzasiKi> =f (xk + hyyk + hzbiKi> ;

i=1 i=1

i.e., the last evaluation of the incremental function of the old step can be used as
first value of the incremental function in the new step. The conditions for applying
this trick are

asizbi,izl,...,s—l, bs:O, Cs=1.

It can be applied, e.g., in DOPRI 4(5). This trick works only if hoq & Apew. O

8John R. Dormand
9P. J. Prince
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