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1 Introduction

This note is written to explain how to develop an order theory for onestep meth-
ods applied to initial value problems, in particular ordinary differential equa-
tions (ODEs) and differential-algebraic equations (DAEs). In modern advanced
text-books, like the ones in the reference lists, there are excellent expositions of
the theory for Runge-Kutta methods applied to ODEs, and some even treats
DAE problems. In the literature, order theory for a wide range of problems
and one-step methods has been treated. But mostly, one combination at the
time. The ambition for this note is explain how to develop order theory, from
some rather general assumptions. These assumptions are essentially that both
the exact and the numerical solution can be written, as least formally, as power
series of the stepsize h, and that each term corresponding to a certain power
of h might be split into several terms. But exactly how these series looks like
depends on both the problem and the method under consideration.

Section 2 presents some general definitions and results needed for the rest of
the paper. These results are not related to a certain problem or method. Section
3 will use these results to develop order theory for Runge-Kutta methods applied
to ODEs. A later section (not yet finished) will consider Runge-Kutta methods
applied to DAEs. The paper might be extended with more sections in some
remote future.

2 Key definitions and results

The aim of this paper is to develop an order theory for some initial value
problem solved by some one-step method. To do so, we will assume that both
the exact solution, y(ty+ h) satisfying the initial condidtion y(tg) = yo, and the
numerical solution y; ~ y(tp + h) can be written as power series of h, thus
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local truncation error d is given by
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thus we will find the order of a method by comparing y® (0) with y(p )( 0).
However, each of these terms might split into several terms. We will use trees,
denoted by 7 to keep track of these terms. Doing so, y® can be written as

yP(0) = a(r)F(r)(y) 3)

TeT

ITl=p
where the elementary differentials are those mysterious terms we are looking
for, while a(7) are the number of equal terms in the sum. The meaning of the
order of the tree, ||, should be clear. Using this notation, the exact solution is
written as the following power series of h:
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The standard convention is to use () for the order zero tree, so for p = 0 (3)
becomes

y(to) = Y a(r)F(7)(yo) = a(0)F(0)(yo)-
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We can immediately conclude that |@] = 0, «(@) = 1 and F(0)(yo) = yo. The
remaining terms will be found by recursion. We will like the numerical solution
y1 to be written in terms of a similar series, that is
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where the coefficients 1(7) are method dependent. This motivates the following
definition:

Definition 1 A B-series is a series of the form
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where a(7) : T — N\{0}, |7|: T — N, ¢(7): T — R.

We will call the series consistent if B(¢,0;0) = yo, or equivalent
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Remark 1: For the exact solution of the problem under consideration the B-
series will be specified by y(tg+ h) = B(1, y0; h) and we hope to find 1 (7) such
that y1 = B(¥, o5 h).

Remark 2: Definition 1 is less specific than what is common in the literature,
where B-series is strictly related to ODEs, such that T, o and the elementary
differentials F' are defined. But our long-term objective is to develop order
theory for a lot of different problem and methods, and for this purpose an open
definition is more convenient.

The next definition can be found in [3], see also Butcher [1]:

Definition 2 Lety = [y, 42, ,yn]" € RY and f(y) = [[1(y), f2(y), - . fa(W)]" €
R™. The m'th Frechet derivative of f, denoted by fmy(y) is a m-linear opera-

tor RN x RN x .- x RN (m times) — R"™. Ewvaluation of component i of this
operator working on the m operands vy, va, - --vym € RN is given by

o™ f;
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Note that the m’th Frechet derivative is independent of permutations of its
operands, thus e.g. fsy(vi,v2,v3) = f3,(v3,v1,v2).

In the next lemma and its proof the following concepts are useful:

A list of trees, denoted by {71, 72, -+ ,Tm}, m € T,i=1,--- ,mis a ordered
set of trees, where each tree might appear more than once. If 71,75 € T then
{11, 72,71} and {1, 71,71} are two different lists. If a tree appear k times in the
list, the tree has multiplicity k. A multiset of trees, denoted by (71,72, , Tm)
is a set of trees where multiplicity is allowed but order does not matter. So
(11,72, 71) = (72,71,71). A tree with multiplicity k& will sometimes be denoted
by t¥, so (11,72,71) = (7, 72). The set of all possible lists of trees is denoted
U , and the set of all possible multisets is denoted U’

U = {{Tl,TQ,-..’Tm}ZTZ'ET, i:l’...7m7 m:07172,...},
U = {(7‘1,7’27---77_7”):’7—1'61—1, i:17...7m7 m:071,2’...}'

The following lemma is the key tool in this paper:

Lemma 1 Let Z = B(¢,yo;h) be a consistent B-series and let f : RN — R™.
Then
hluls
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where for each uw = (11,72, -+ ,Tm) € U we have

0] =0, uly =300 (and b 21 ifu 2 )
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Fr((0)(yo) = f(yo), Fr(w)(yo) = fmy (o) (F (1) (y0), F(72)(y0), -+ F'(Tm) (y0))-

In the expression for as(u), u is a multiset with | distinct trees, each of multi-
plicity kj, j =1,--- 1.

Proof: Taylors theorem for a multivalued function f(y), f : RY — R™ states
that if 6 € RN then
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Since ¢(f)) = 1 we have
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Taking advantage of the fact that Frechet derivative is linear in its operand,

the sums as well as all the coeflicients can be taken outside the derivative:
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These sums can be replaced by the sum over all possible lists of subtrees 4 =
{r1,--- ,7m} € U, including the empty list {0} for m = 0. But the Frechet
derivative is symmetric in its operands, thus all permutations of the trees in a
list results in the same expression. If there are [ distinct trees in the list, each

with multiplicity k;, j = 1,--- ,[, then there are
m!
kilko!- - k!

possible permutations of the trees. Thus we can take the sum over all multisets
u = (11, -+ ,Tm) € U, just keeping in mind that each such set represents



m equal terms. This will finally give us the expression
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which proves the theorem.
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3 Ordinary differential equations and Runge-Kutta
methods

Consider the autonomous initial value problem (IVP) for ordinary differential
equations (ODEs)

y'(t)=fly®),  ylto)=w, fyeR" (6)

where f is assumed sufficiently smooth. In this section we will see how to derive
a B-series for the exact and numerical solution of this ODE. The books [1, 2, 3]
have all excellent expositions of this topic.

Development of the B-series for the exact solution

The B-series for the exact solution is the series for which ¢(7) = 1, V7 € T,

thus
|7
ylto+ ) =0+ 3 Oé(T)F(T)(yO)TLT“- (7)
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However, at the moment we know nothing about how this series look like, except
that the first two terms are yo and hf(yo). So, we can denote the first two terms
by

e, 0] =0, o) =
ocT, e | =1, a(e) =

: F(®)(yo) = o,
, F(e)(y0) = f(v0)-

Insert this into the ODE (6) and we get.

y'(to+h) = f(y(to+h)) = f(B(1,yo;: h))

Lemma 1 apply to the right hand side. Taking the Taylor-expansion of the left
hand side gives

i +1 hluls
> y¥ =D ar(Fy(u)(yo)
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using [¢(u) = 1 since ¢(7;) = 1 by assumption. Comparing equal powers of h,
using (7) gives

y#0) = Y a(mFm)(y) = Y ay(w)Fy(u)(yo)

TET uelU
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The two last expressions should be identical, term by term. For each tree 7 € T
of order p 4+ 1 there is a corresponding multiset v € U of order p. For u =
(11,72, ,Tm) the corresponding tree will be written as 7 = [11, 72, , Ty .
The graphical interpretation of this is that the roots of the subtrees are attached
to a new common root. The order of 7 = [r, 72, -+, 7] is |u|f + 1, and
a(r) = ap(u), F(7)(yo) = Fr(u)(yo) are all given by Lemma 1. Thus we can
state the following theorem:

Theorem 1 The exact solution of the ODE y'(t) = f(y(t)), y(to) = yo can be
expressed as a B-series

7|
lto +h) = B(Lyo: ) = 3 a(r)F(r)(wo) 1oy

where
e )T, ecT and if 11,72, ,Tm €T then 7 = [11, 72, - , 7| € T.
o 0] =0, |o|=1andif T =[11,72, - ,Tm] €T then |7| =" || + 1.

e a(0)=1, a(e) =1 and if T = |11, 72, - ,Tm] € T is a tree with | distinct
subtrees each of multiplicity k;, j =1,---,1, then

m l
a(r) = (7] - 1) 'HO";“ H%

=1 7=1 J

o F(0)(yo) = o, F(e) = f(yo) and if

T=[mr,72, - ,Tm] €T then
F(7)(yo) = frmy(yo) (F(71)(yo), F(72)(y0)s - -+ s F(Tm) (y0))-

This theorem makes it possible to define B-series related to ODEs as series
B(¢,yo; h), for which T, |cdot|, « and F are all given, but with ¢ : T'— R. In
the remaining part of this section, this is the B-series we talk about!

From Lemma 1 we get for a consistent B-series, (and for f from the ODE):

FB(byosh) =Y a(T)ﬁ(T)F(T)(yo)m

[T|=1

in which 3(e) =1 and B(7) = [[;~; ¢(7;). Multiplying this by hm we get the
following useful result:



Lemma 2 Let B(¢,yo;h) be a consistent B-series related to ODEs. Then

hf(B(¢,yo; h) = B(¢', yo; h)

where

m

g0 =0,  ¢)=1, @) =Ir]]em) ifrln.-- 7).

i=1

Development of the B-series for the numerical solution

An s-stage Runge-Kutta method (RK), applied to the ODE (6) is given by
S
Y; = y0+hzaljf(y7)’ izla"'asa (8)
j=1
S
yoo= yw+hY bif(Y)
i=1
where {Y;};_, are the internal stage values and y; is the numerical solution after

one step of stepsize h. The coefficients a;; and b; characterising the RK-method
is given by the Butcher-tableau

c1|ail a2 -+ Gilg
C2 | a1 a2 - Q2 c| A
or in matrix form as
bT
Cs | As1 As2 -+ (Ogs
by by --- b
We assume that the RK-nodes ¢; = Z;Zl a;j fori =1,--- s, or c = Al, where

1=[1,1,--,1] € R®.
The next step is to write the numerical solution, given by (8) as a B-series
related to the ODE.

7]
V= Yilh) = S alre )y =L
T€T
7|
w=n) =Y a(ﬂw(T)F(T)(yo)f;“-
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Clearly, these series are consistent. If we insert this into (8) and apply Lemma
2 we get

S
B((Pzay()vh):?JO“‘ZGZJB(‘P;ayOah)a 2:17 y S
j=1

By, y0;h) = o+ Y _ biB(&}, yo; ).
=1



Write out the series, compare term by term, and we get:
pi0) =0, @i(r)=> aii(r), V) =0, P(r) = bigi(r),
j=1 i=1

and we have shown:

Theorem 2 The internal stage values Y;, i =1,--- ;s and the numerical solu-
tion y1 given by (8) can be written as B-series related to ODEs, that is

Y; = B(i,yo: h), y1 = B(Y,y0: h)

with coefficients

S
e (D) =1, ¢(e); = Zaij =c¢ and if T =[1,72,  ,Tm] € T then

j=1
S m
pi(1) = 71> ai [ [ e(m)-
j=1 =1

o (D) =1,1(e) = b and if T =[r1, 72, 7] €T then
=1

Y(r) = Ir1 Y bi [ [wi(m).

i=1 =1

Remark 1: In the literature, it is common to write the coefficients ¥ (7) as
y(1)¥(7). Then ~(7) is an integer, called the density of the tree t, while the
elementary weights () consists solely of the method coefficients. The order
conditions is the written as ¢ (1) = 1/v(7).

The local truncation error satisfies
y(wo +h) —yi(h) = O(hP*Y) if ¢(r) =1, VreT, p(r)<p.
Thus we can conclude the section with the following result:

Theorem 3 A Runge-Kutta method applied to an ODE is of order p if and
only if
v(r)=1, VreT, p(r)<p.

The if-part of the theorem is clear from the discussion above. The only if
comes from the fact that the elementary differentials are actually indepenent,
see [1], pp. 146-147.
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