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The numerical solution of initial value problems for ordinary differential equations is fre-
quently performed by means of adaptive algorithms with user-input tolerance 7. The time-
step is then chosen according to an estimate, based on small time-step heuristics, designed to
try and ensure that an approximation to the local error commited is bounded by 7. A ques-
tion of natura interest is to determine how the global error behaves with respect to the
tolerance 7. This has obvious practical interest and also leads to an interesting problem in
mathematical analysis. The primary difficulties arising in the anaysis are that: (i) the time-
step selection mechanisms used in practice are discontinuous as functions of the specified
data; (ii) the small time-step heuristics underlying the control of the local error can break
down in some cases. In this paper an analysis is presented which incorporates these two
difficulties.

For a mathematical model of an error per unit step or error per step adaptive Runge—
Kutta algorithm, it may be shown that in a certain probabilistic sense, with respect to a
measure on the space of initial data, the small time-step heuristics are valid with probability
one, leading to a probabilistic convergence result for the global error as = — 0. The
probabilistic approach is only valid in dimension m > 1; this observation is consistent with
recent analysis concerning the existence of spurious steady solutions of software codes which
highlights the difference between the cases m = 1 and m > 1. The breakdown of the small
time-step heuristics can be circumvented by making minor modifications to the algorithm,
leading to a deterministic convergence proof for the global error of such algorithmsas— — 0.
An underlying theory is developed and the deterministic and probabilistic convergence results
proved as particular applications of this theory.
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1. Introduction

In this paper we consider the approximation of initial-value problems for ordinary
differential equations by means of adaptive time-step software. We prove convergence
results framed in terms of the tolerance 7. A fairly complete mathematical model of the
software code is studied, incorporating step-rejections, due to violation of an estimated
error bound, together with upper bounds on the maximum step-size and maximum step-
size ratio. Thus we obtain a discontinuous dynamical system governing the evolution
of the approximation of the solution itself, together with the time increments.

The heuristics underlying the algorithm are designed to ensure that the global
error is bounded by a power of the tolerance 7. However, the heuristics break down
for certain trajectories. The purpose of this paper is to include the possibility of this
breakdown in arigorous analysis of the discontinuous dynamical system governing the
adaptive algorithm. Two types of results are proven. In the first type we prove that the
probability of the heuristics breaking down is small with respect to a measure on the
space of initial data; this leads to a proof of convergence with probability one. In the
second type of result we make minor modifications of the standard algorithm; these
maodifications are designed to ensure that the algorithm actually behaves correctly even
when the heuristics underlying it break down.

The use of probabilistic reasoning in numerical analysis has been fairly
widespread in the context of linear algebra, starting with the work of Demmel [4],
leading to more recent work in, for example, [5, 8] and [15]. Demmel’s work itself
was partially motivated by Smale's pioneering analysis of Newton's method; see [10].
However, to the best of our knowledge a probabilistic approach to the analysis of
numerical methods has not been undertaken in the context of differential equations.
The first result in the literature concerning the behaviour of the global error with
respect to tolerance = appears to be [12]; this work has been developed further in,
for example [7, 9]. The work of [12] forms the basis for the work presented here
but we extend in three important ways. Firstly, in [12] the assumption is made that
the leading term in the expansion for the local error estimate does not vanish along
the tragjectory being approximated; this assumption does not hold for all trgjectories
and, furthermore, for trajectories close to those which violate the assumption, certain
constants appearing in [12] will be large; this issue is not addressed in [12]. Sec-
ondly, the paper [12] relies on an asymptotic expansion for the error in powers of the
time-step At and only the analysis of the leading order term is given in detail; here
we control the complete error, leading to more precise estimates on how small the
tolerance and initial time-step need to be for the analysis to hold. Thisissueis related
to the first point since these upper bounds on the tolerance and initial time-step may
be particularly severe for solutions close to trajectories along which the leading term
in the error estimate disappears. Thirdly, [12] employs a simplified model of the step-
size selection mechanism that does not incorporate step-size rejection and maximum
step-size and step-size ratio bounds explicitly in the analysis.

The first of these points is addressed in [3], although the second and third points
are not addressed there. In [3] the basic step-size selection procedure is appended
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with a computational estimate of the leading term in the error estimate and, whenever
this is small, the step-size selection procedure is modified. Using this modification of
the algorithm the authors of [3] improve upon the results of [12].

The paper [13] is also an important contribution to the rigorous analysis of
automatic step-size control. However, in the context that interests us here that work
is dlightly lacking in two main respects: firstly, the maximum step-size is assumed
a priori to be bounded by a positive power of the tolerance 7, something which is
not true for most software codes used in practice — see [6]; secondly, asin [3, 7, 9]
and [12], step-size rejection is not included in the analysis.

We now introduce the mathematical background in which our results are framed,
starting with the initial-value problem which we wish to approximate. Consider the

eguation g
G =/, uw0=0 (LD

where f € C>°(R™,R™). Thus we have a local solution u(t) = S(U,t) defined, for
every U € R™, and ¢t in an interval I; = I;(U) C R. Furthermore, on its interval of
existence we have S(U,-) € C*°(I1,R™). Thus for (U,t) € R™ x I1;(U), we may
form the Taylor series expansion

r+1

Sw.H =Y =80 w0

=07’

t7‘+2 1
For ), @, ezt a2

where 5
ﬁ](O) (uat) = @{S(uvt)}

For simplicity we assume in the remainder of the paper that f and all its derivatives
are uniformly bounded on R™. This simplifies the analysis and statement of results
but is not actually necessary for the results to hold.

We also consider two explicit Runge-Kutta methods approximating the flow
generated by (1.1). Consider the equations

l
?’]Z'ZU—FtZCLijf(?’]j), 1=1,...,1. 1.3
j=1
Since the n; represent the internal stages of an explicit Runge-Kutta method, it follows
that a;; = 0, i < j. Hence n;(U, ) € C®(R™ x R,R™). Given b\ for i = 1,...,1
and & = 1,2 we define, for k£ = 1, 2,

l
SO, ) =U +t > 6" f(n:(U, 1)) (1.4)
i=1



230 A. M. Suart / Convergence of 1\VP software

noting that ) (U, t) € C*®(R™ x R, R™). The mapping S» will be used to advance
the solution, whilst S will be used to control the error. For al (U,t) € R™ x R we
may form the Taylor series expansions

r+1 1 A
S(k) (U7 t) = Z ﬁﬁj(k) (Ua O)t]
j=0"""

r+2 1
+ ﬁ /0 (1- s)”lﬂﬁ]j_)z(U; st)ds, VreZT, (1.5)
where .
(k) )
ﬁj (u7t) = %{S (u7t)}‘

Equations (1.3) and (1.4) with & = 1, 2 define two-distinct Runge—K utta methods.
We assume that the two Runge—K utta methods have order s and ¢;1. To be more precise
we shall assume that

BV (,0) = 8%(w,0), j=0,....s,
P (,0) = 57,0, j=0.....q1 (16)

87,0 =87 w0, j=0....q

and that agreement between the 3’s does not occur at the next order in each of the three
cases. Note that g» > min{s, g1} and that, if s # ¢1, then go = min{s, ¢1}. We do not
specify which of the two methods has higher order; this allows us to consider methods
operating both in extrapolation (s > ¢1) and non-extrapolation (s < ¢;) modes.

The numerical method for the approximation of (1.1) is now described. Let U,
denote our approximation to u(t,,) where

n—1
t, = ZAt]-.
j=0

The sequences {U,, } and {At,,} are generated as follows. Define
E(u,t) = [|S® (u,t) — S@ (u,1)|| /- (1.7)

(Throughout the paper || - || will denote the Euclidean norm on R™.) Here p = 0 if we
consider error per-step (EPS) and p = 1 if we consider error per unit step (EPUS).
Thus

E(u,t) = Ot7),

where ¢ = g2 + 1 — p. Then U,, and At,, are generated so that

Upy1 = SO (U,; At,), Uog=U,

(1.8)
0)

Dtoir = B08 At = Ay,
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where k = k(U,,, At,,) is the minimal non-negative integer such that
E(Un+l7Atn+1) ST (19)

and
A9 =mindo( —1 l/qAnaAnD 1.10
fngy =M { (E(Un,Atn)> tn, altn, } (1.10)

Here0< 8 <1, 0< 60 <1< aandD < R Throughout, § and D will be fixed
independently of . For all results in sections 4 and 5 we will assume that « is fixed
independently of ~ whilst for the resultsin section 6 only we will assumethat o« — 1,
as 7 — 0,. Thus, unless explicitly stated, o will be assumed independent of 7; this
is the case for most software used in practice.

Note that, by (1.8) and (1.10), it follows that

Atni1 < ALY, < min{adt,, DY,

so that a maximum step-size ratio of « and a maximum step-size of D are imposed
by the algorithm. Note also that At,, 1 is discontinuous as a function of At,, and U,,
the potential discontinuities being introduced through the selection of the integer k.
In summary, we have a dynamical system of the form

Up+1 = P(U,, At,),
Dtprs = T Uy, Bty). (1.11)
where @ is smooth and I discontinuous as functions of their arguments. In fact, we
will prove implicitly that such a function I is well-defined in the course of the paper.
We will need the following definition of truncation error in the remainder of the paper:

T(u,t) = S (u, t) — S(u,t). (1.12)

In section 2 we introduce some background properties and notation for the un-
derlying Runge—Kutta methods (1.3), (1.4). In section 3 we prove a number of basic
results concerning the adaptive algorithm (1.7)—1.10) which are used in subsequent
sections to prove our main theorems. In section 4 we state a basic convergence result
of O(73/1) for the adaptive algorithm (see theorem 4.1) and use it to study linear con-
stant coefficient differential equations. Thecases < ¢q1 and p = 1 (sothat ¢ = ¢ = s)
leads to an error per unit step code with globa error O(7). Similarly, the case s < ¢1
and p = 0 so that ¢ = s and ¢ = s + 1 leads to an error per step code with global
error O(7%/(s+t1)_ In section 5 we use theorem 4.1 to prove that, with probability one,
the adaptive algorithm converges on a genera class of nonlinear problems and that
the global error is O(7%/9) as T — 0. Actually we prove more, estimating the proba-
bility that the error constant in the global error falls below a given specified number
— see theorem 5.1. The probabilistic approach is only valid in dimension m > 1; this
observation is consistent with recent very interesting constructions of spurious steady
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solutions of software codes which highlight the difference between the cases m = 1
and m > 1-—see[1].

In section 6 we present certain modifications to the algorithm (1.7)—(1.10) which
alow the global error to be controlled in the exceptional cases shown to have small
probability in section 5. Thisleadsto several deterministic convergenceresults, namely
theorems 6.2 and 6.4. In practice we believe that the probabilistic convergence results
of section 5 are of more value than the deterministic results of section 6. This is
because the modifications to the basic algorithm which we propose to obtain deter-
ministic results are not currently used in practice; furthermore, they are in any case
only of use for certain exceptional cases of small probability. It would be of interest
to study the effect on these cases of small probability of the modifications to the basic
algorithm (1.7)—(1.10) proposed in [3]; currently [3] does not include the effect of
step-size rejections. The reader interested only in probabilistic convergence results
need only study section 2, section 3, up to and including assumption 3.5, and sections
4 and 5.

We have chosen to analyse an agorithm which faithfully represents most of the
important features of real adaptive Runge—Kutta based algorithms for the solution of
initial-value problems. Nonetheless, any writer of software code will be able to find
features not addressed in this analysis. We mention three such features and indicate
how the analysis given here could be extended to include them.

Thefirst is the fact that the error estimate in real codes typically has an absolute
and a relative component. Specifically, the constraint (1.9) is replaced by

E(Un+laAtn+l) < Tmax{a,b||Un+1H} (113)

for some fixed a,b > 0. This change can be studied by similar techniques to those
used here since, provided bounded solutions are studied,

sup [[u(t)]| <c
t€[0,T

and, for U,, which are close to u(t,) for 7 small, (1.13) implies that
E(Upy1,0t,41) < 7max{a,bc} + o(T).

The similarity of this inequality to (1.9) enables adaptation of the analysis given in

this paper to the case where (1.13) is used rather than (1.9).

The second isthe fact that many Runge—K utta codes use Richardson extrapolation
to estimate the error. Specifically we have

SW(u,t) = S(u,t) + T(u,t)
and T'(u,t) = O(t*T1). Thus the error estimate is

E(u,t) = || (u,t) — SO (S (u,t/2),t/2) | /1.
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A little manipulation shows that
E(u,t) = O(t**7°)

and that E'(u,t) is proportiona to f(u). Hence the methodology presented in this
paper may be applied to this situation.

The third is the fact that only explicit Runge-Kutta methods are considered. To
study implicit methods, an additional criterion would have to be added to the adaptation
of the time-step, namely to choose it sufficiently small that the implicit equations have
a unique solution in a small neighbourhood of the solution at the previous time-step.
If this is done then similar techniques to those used here could be applied. However,
implicit methods are typically used for stiff problems and the question of deriving
stiffness independent error estimates would require specia attention.

2. Properties of the underlying methods

Here we describe the basic properties of S(-,-) and the S(*)(.,.) which we require in
the remaining sections. We start by defining elementary differentials. Let
e =(0,0,...,1,0,...,00T eR™,
K9 = (k9 .. ED)" er™,

m

Flu) = (fu(),- .., fm(w) " €R™,

where fj(u) :R™ — R and f(u):R™ — R™. In the above, only the ith entry of
the vector ¢ is non-zero. We define the Mth Fréchet derivative of f, namely
fOM) - RMm y Rm py

m m m M . A
FODE) (KD, KDY =33 Y MK@L.KJ(AAJJ)Q@
. P

Ozjy -+ 0zjy T

The elementary differentials of f are denoted F:R™ +— R™ and their order by r;
these are defined recursively by:

(i) f(u) isthe only elementary differential of order 1;

(i) if Fs(u), s = 1,...,M, are elementary differentials of order r5, s = 1,...,
M, respectively then M) (w)(Fy(u),. .., Fa(u)) is an elementary differential
of order 1+ "M r,.

Lemma 2.1. For k£ = 0, 1,2 and each j for which they are defined, the ﬁj(.k)(U, 0) are
linear combinations of elementary differentials of order ;.

Proof. See Butcher [2]. O
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Lemma 2.2. For each j > 1 for which ﬂ](.k) (u,t) are defined and for k = 1,2, there

exist I p x p matrices dz(f“j)(u,t), and ap x p matrix dg.o)(u,t), 1=1,...,1, such that

l

B9 (u,t) =S d (w0 f (mi(w, 1)), k=1,2,
i=1

B0 (u, 1) = d (u, ) f (u).

Proof. See lemma 4.6.4 of [14] for £ = 1,2. For k = 0 the result follows by the
chain rule. 0

Lemma 2.3. Let f(u) = Au for some m x m matrix A. Then for £ = 1,2 and
j=1,2,... we have rea numbers cg.k) such that

B (u,0) = P AT,

Proof. If f(u) = Au then f(M)(2) is identically zero for M > 1. It follows that
the only elementary differential of order j is A7w and lemma 2.1 gives the desired
result. O

In the case where linear problems are considered (section 4) s (see the discussion
after equation (1.6)) will be taken to be the effective order of the method when applied
to the class of linear autonomous problems. This may be higher than the order on the
general class of problems (1.1) because of the special structure of the truncation error
predicted by lemma 2.3. Similar considerations apply to g1, ¢» and gq.

Now define

Bi(u) = [85)1(u,0) = B2, 1(1,0)] /(g2 + D,

2.1)
1 — 5 g+1
Bo(u,t) ::/o [ﬁ(gﬂz(u,ts) —ﬂ(gﬂz(u;ts)]% s,
[ Biw)/If @), 1F@)] £0,
i) = { 0, 1F ()] =o;
2.2)

Bo(w,t)/ | f@)l, [l (w)] £0,
balust) = o, ()] = 0.

Note also that, by (1.5) with = ¢, and (1.6)«(1.7),

E(u,t) = t9||By(u) + tBa(u, t)|| = t7|| f (w)]|||b2(u) + tba(u, t)]|. (2.3
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Thusthe leading order term in the error estimate E(u, t) iszerowhen f(u) = O or
when b1(u) = 0. Such points, and their neighbourhoods, will be of crucial importance
in the remainder of the paper. We briefly outline why this is so. Assume that f(U,,)
and b1(U,,) are non-zero for al n. It then follows from (1.7) and (1.9) that

At [ [oa(Un)]| < 7+ O(857)

so that, provided At,, is small, At, < C7Y/4. It then follows from (1.6), (1.12) that
the local truncation error is of order At,75/9. A straightforward Gronwall argument
proves that the global error behaves like 7%/¢. This is the essence of the result in [12]
where f(u) and b1(u) are assumed to be bounded away from zero on any trajectory
under consideration. Since we do not wish to make this assumption, the behaviour
of the agorithm near to points where f(u) and b1(u) disappear will be of crucial
importance to us.

In the remainder of the section we prove some results concerning the functions
now defined.

Lemma 2.4. Let J C R™ be bounded. Then, if dB1(-) denotes the Jacobian of B (-),

Sup”bl(u)H < 00, sup Hbz(u,t)H < 00,
ued (u,t)eTx[0,D]
sup HdBl(squ(lfs)v)H < 0.

(u,v,s)eJ xJx[0,1]

Proof. We consider the EPUS case p = 1 and q» = ¢q; the EPScase o = g — 1 is
similar. Since S®)(U,t) € C®°(R™ x R,R™) it follows that

P (U, 1) € 0= (R™ x R,R™)

for j=1,..., ¢+ 2; thus lemma 2.2 gives an expression for B}k)(u,t) forj=1,...,
g + 2. By lemma 4.2.6 in [14] we have that there are constants ¢; = ¢;(u) such that

£ (i, )| < (1 + cit)|| f(w)]]. (2.4)

Thus lemma 2.2 gives

189w, t) — 82 (u,B]| < ks, &)1 £ ) (29)

for some functions k;(u, t) which are bounded for (u,t) € J x [0,D]and j =1,...,
g + 2. Hence, since by (2.3),

or)|| = [|F @) HBr@),  [baw )] = || F@)]| 7Y Balw, 1)

the first two results follow from (2.2). Also Bé'fl(U, t) € CY(R™ x R,R™) and hence
ABi(w) = ) dpY, (w,0) — dB?, (w,0) € C(R™ x R,R™).
The third result follows. O

The final result of this section concerns the truncation error given by (1.12).
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Lemma 2.5. Let J C R™ be bounded. There is a constant K = K (.J, D) such that,
fordl uwe J,te[0,D],
T(u,t) < KHf(u)Ht5+1.

Proof. By (1.2), (1.5) and (1.6) we have

1S® (u,8) = S(u, 8)]| < €188 (1) = B (u, 1) 15

Hence (2.5) gives the desired result. O

3. Properties of the error control

In this section we prove three basic lemmas concerning the behaviour and error con-
trol properties of the algorithm (1.7)—(1.10) in the following three situations. (@)
|B1(S(U,t))|| is bounded away from zero; (b) || B1(S(U,t))| is smal for some ¢
because ||b1(S(U,t))|| is small for some t; (c) ||B1(u)|| is small for some ¢ because
|f(S(U,t))|| is small for some ¢. These are lemmas 3.4, 3.7 and 3.8 respectively.
In subsequent sections we use these lemmas as building blocks for our theorems.
Sections 4 and 5 require only material from this section up to and including assump-
tion 3.5, whilst section 6 requires all the material from this section.

In lemma 3.3, we prove that the time-step At, is bounded away from zero
uniformly in n and hence that any finite time T' can be reached by the algorithm.

We start by introducing some notation. As mentioned in the previous section
the neighbourhoods of points where f(u) and b1(u) disappear will be crucia in our
analysis and this motivates the following. Let

W) = {u e R™ Hbl(u)H <e},
(3.)
W) = {u e R™ |ba(w)|| =0} =[] ¥(e)

e>0
and
F(6) = {ueR™ | f(u)| <6},

(3.2)
r(0):={ucR™ || f(u)| =0} = (.

6>0

Define, given sets I, J € R™,
x =T(5) UW(e),

Js,é = J\X, Ie,5 = I\X, Je = J\LIJ(g)’ I. = I\LIJ(&:)'
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We aso define the constants C4, ..., Cy (depending on bounded J ¢ R™ and
D) by

Cs=sup||br(w)||, Ca= sup  |[ba(u,t)],
ueJ (u,t)eJx[0,D]
Cs = sup [|dBy(su+ ( )0) |, Ces = sup || f(w)]|,
(u,v,8)€JxJx[0,1] ueJ

C7 = {Cs[Cs+ DCq)} Y, Cs = Lip{f(u), ue J},

(0% 1
Cg == S‘Ip(u,t)EJX[O,D} E(U, t)/tq, C]_O == m|n{ ,6(1} Cg

These constants are finite by lemma 2.4, the smoothness of f(u) and (2.3).
In the following either or both of § and € may be fixed independently of + or
may be chosen proportional to a positive power of 7. Thus we set

§ = 677, £ = eor?, (3.3)

for some dp, 0 > 0 and a,b > 0. We always assume that a and b in (3.3) are chosen
so that
7/(6e¥7) -0 asT — 0. (3.4)

This automatically holds if ¢ = b = 0. Only the case a = b = 0 will be used in
sections 4 and 5. In the case where a = 0 in (3.3), then (3.4) implies that
7/(6%%) -0 asT — 0, (3.5

sinceq > 1.

We now consider asolution, or families of solutions, of (1.1) definedfor ¢ € [0, T
and satisfying u(t) € I, where I ¢ R™ is bounded. Let J = N (I, d) for some fixed
d > 0, independent of 7. We will show that our numerical approximation liesin J in
lemmas 3.4, 3.7 and 3.8; the theorems proved using those lemmas will hence involve
constants depending upon J.

The first lemma of this section bounds the time-step selected by the algorithm at
a point where || B1(u)|| is bounded away from zero.

Lemma3l Let u € J.5. Then al t € RT satisfying E(u,t) < 7 and ¢ €
[0,eq/Ca(q + 1)] also satisfy t7 < (¢ + 1)7/de.
Proof. If E(u,t) < 7 and u € J. 5 then (2.3) gives
[|b1(w) + tha(u, t)|[t? < 7/6.
But
(|b1(w) + tha(u, t)|| > ||br(w)|| — t[|ba(u,t)|| > e — Cat > e/(q + 1).
Thus et? < (¢ + 1)7/6 and the result follows. O

The second lemma simply uses induction to extend the previous result over
severa steps.
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Lemma 3.2. Assume that there exist integers M = M(7) and N = N(7) such that
Up € Jo5 for n = M,...,N. Then if Atg\?} < €q/C4(q + 1) it follows that, for =
sufficiently small,

At < (¢g+1)7/de, ¥Yn=DM,..., N.

Proof. Note that if
A0 < _fa
" T Calg+1)
then
£q

Aty <
Ca(g+1)

by (1.8), since 8 < 1.
We use induction. Clearly the result holds for n = M by lemma 3.1. Assume
that it holds for n = p < N — 1. Then, by (1.10) and (3.4),

+ 17 Y £q
A < (q <
PN ( e Calg+ 1)

for 7 sufficiently small. Lemma 3.1 completes the induction. O
Define ¢ = 7/4/C&/? and note that
E(v,t) <7, Yved, te(0,¢), (3.6)

provided that 7 is sufficiently small to ensure that ¢ < D. The next lemma gives a
bound on the time-step At,, from below; the bound is expressed in terms of ¢.

Lemma 3.3. Assume that there exists an integer N = N(r) such that U,, € J for
n=20,...,N. Then, for al = sufficiently small,

02

At, > min {—,
(6%

6¢,Ato}, n=0,...,N. (3.7)

Proof. Clearly (3.7) holds for n = 0. Assume that it holds for n = m < N — 1 for
induction. Let E,, := E(Uy,, Aty,). If

Ep > 7(0/a)? (3.8)

then, by definition of Cy,
T7(0/a)? < ColAtd,, 3.9

so that At,,, > 0¢/a. By (3.8), (3.9) and (1.10)

ALY,y = min{0(r/Epn)) Y Btyn, D} > min{0At,,, D} > min {629/, D}.
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For 7 sufficiently small we obtain

a0, > 0%/

If &89, < ¢ then by (3.6) Atyin = A0, > 6%¢/a whilst if A6, > ¢ then
Atm+1 > B¢ by (3.6). Hence, if (3.8) holds then we have

Atpny1 > min{0%¢/a, B} (3.10)
and (3.7) holds with n = m + 1. If (3.8) does not hold then

7(0/)? (3.11)

and, by (1.10),

A9, | = min{aAt,,, D}. (3.12)
If Atyy1 < B then A, = At,,,.1; this follows since, by (1.8),

Atyi1 = 5kAtm+1,

where k& = 0 or where there is an integer £ > 0 such that

E( m+lvﬁ Atm+1) >7, 0<j <k,

<7, j=k (3.13)

But 5+~ 1Atm)+l = (1/B)Atm11 < ¢ sO that (3.6) shows (3.13) is impossible so that
k = 0. Thus, if (3.11) holds we have from (3.12), for 7 sufficiently small,

Atp1 = min{Bo, alt,,, D} = min{3¢, At,, }. (3.14)

This completes the proof. O

We now consider the numerical error. Let u,, = u(t,) and define £, = [lu,—U,||

(not to be confused with the functions E(-,-) and E,, defined from it). Recall that s
is the order of the method S™ (-, -) used to advance the solution.

Lemma 3.4. Let a = 0in (3.3) and assume that u(t) € Ip. 5 for Ty, < ¢t < Top. Also
let M = M(7), N = N(7) besuchthat T;, <ty < ty-1 < Tp. Assumein addition
that there exists a constant K such that, for al = sufficiently small,

s/q
AQ < 57(1 Ey <K T )
WS Ggrn 4 Bu (5)
Then there exist K1, K» > 0 such that, for n = M, ..., N,
s/q
E, < [EM + K3 <é> (th — tM)} exp|Ka(tn, — tar)] (3.15)
and
Up€Jes and At < (q+ 1)1/, (3.16)

for all = sufficiently small.
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Proof. We prove first that if (3.15) holds for n = M, ..., m then (3.16) holds for
n=M,...,m.Wehave E,, < K3(1/d¢)*/ so that by (3.4) we have, for 7 sufficiently
small, E,, < d. Since u,, € I it follows that U,,, € J. Also

£ @) = [ )| = [[£(Un) = f ()| > 20 = Co|Un — wn
> 25 — CgKar/de >
by (3.5), for = sufficiently small. Also

[Bu(Un)[| > [|Bu(un)|| = C5[|Un = wnl| = [[brun)][[]|f (wn)]| = C5]|Un — un|
> ||oa(un) ||| £ (U)|| = Jo1(un) ||| £ (un) = £(UR)|| = Cs||Un — un|
>2€Hf H— C3Cg+C5)HU —unH (3.17)
By (3.5) we may choose 7 sufficiently small that
(C3C8+C5) K;T < de.
Then
(C3Cs + Cs)||Up, — up|| < Hf H&?

so that | B1(U,)|| = || f(Uyn)l|- Thus ||bs( n)|| > € asrequwed. Hence U,, € J. s for
n=M,...,m > M if (3.15) holds for n = M, ..., m. It follows that, if (3.15) holds
forn=M,...,m then

At < (q+1)7/de, n=M,...,m, (3.18)

by lemma 3.2.
Thus, to prove the lemma, it is sufficient to prove that if (3.15) holds for n =
M,...,m then it holds for n = m + 1, using (3.18). To this end note that

Epi1 =[S (um; Btr) — SO (Ui Oty ||
< [|S™ (umi Btn) — SO (U Bty || + (| S (wrmi Btn) — S (ttm; Bt
< (1+ Kobt ) By, + KaAt3HL

This last line of the calculation follows from the Lipschitz constant and truncation
error bounds for the Runge—Kutta method — see [14], theorem 4.6.7, for example;
thus K>, K3 depend upon J. By (3.18) we have

Dt < [(q+ 1)7/6¢] 7.
Thus there are constants K1, K> depending upon J such that
Byt < (1+ Koty Epy + Koy, (1/0¢)%/2.
Sincel+x <€ and 1 < €* for al x > 0 the inductive hypothesis gives
Emy1< [Eym + K1(7/55)5/q( — tar)] expKa(tmi1 — tar)]
+ K1t (7/82) T exp[ Ko (tmi1 — tar)]

= [Enr + K1(7/0€)* 9 (tyns1 — tar)] eXp[Ko(tms1 — tar)]-
This completes the induction and (3.15) is established. O
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Remarks. (i) If e > Oand § > Oarefixed then, for 7 sufficiently small and u(t) € I. 5,
it may be shown that no step-rejections occur so that £ = 0 in (1.8). Lemma 3.4 is
thus simply a refinement of Stetter’s theory from [12] (where step-size rejection is
ignored and the leading term in the local error is assumed to be bounded from zero),
with the addition of maximum step-size and step-size ratios to the step-size selection
mechanism. Estimating the probabilities that ¢ and § take specified positive values
leads to the probabilistic convergence results of section 5.

(i) If the numerical solution enters I'(§) or W(e) then the step-size selection
mechanism may alow the time-step to increase to a value where the asymptotic
considerations underlying the theory valid for u(t) € I, ; fail. It has proved impossible
in this situation to obtain a convergence theory unless modifications (not used in
practice) are made to the step-size selection mechanism. These modifications are
given in assumptions 6.1 and 6.3 and lead to the deterministic convergence results of
section 6.

(iii) Lemma 3.3 addresses a question raised in [11] which is this. do practical
step-size selection mechanisms ensure that, for any given tolerance 7, any finite time
T may be reached by the code in a finite number of steps? The answer is in the
affirmative — under natural smoothness assumptions, sequences where the time-step
decreases in a geometric fashion are not produced.

In the next two lemmas, and in sections 5 and 6, we will make the following
assumption which impliesthat W(<) and I (§) are disjoint for sufficiently small € and o.

Assumption 3.5. There is a constant €. > 0 such that, for each ¢ € [0, ¢.), the set
W(e) isthe digoint union of a countable set of neighbourhoods {W;}, with M < oo,
each containing a point z; € R™ at which by1(z;) = 0. Thus, for each € € [0, &.),

M
W) =W, WinW; =0, Vi#j.
i=1

Furthermore, for any finite integer My there are constants C; and C> such that, for all
e €10,e.),

W; C B(z;,C1e), i=1,..., Mo, 131?\/[0 | f(z)| = Ca.

Important remark. This assumption will hold for generic f(u) within the class of
sufficiently smooth functions. To understand that this is so in the linear case, for
example, see section 5.1. To make such a genericity statement precise in the general
case would require placing a probability measure on an appropriate space of functions
in which f lies and showing that assumption 3.5 holds with probability one; to do
this would complicate the paper unnecessarily and would not yield deeper insight.
Thus we simply assume that assumption 3.5 holds. The simple reason why it does
hold generically is that points where Bi(u) = 0 will typically be isolated, since
B;1:R™ — R™ and such functions picked at random will have isolated zeros. (Note
that B1(u) depends upon f and its derivatives so that picking f at random induces a
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random choice of B;.) Since the assumption 3.5 holds whenever the zeros of Bj(u)
are isolated, the intuition that the assumption is generic follows. O

In the following we take My < oo to be sufficiently large that {zi}f‘i"l are the
only equilibria contained in J.

Lemma 3.6. Let assumption 3.5 hold and assume that u(t) € W(2e) N1 for Tp < t <
Tgr. Then, for e sufficiently small,

Tpr —Th < 8018/02.
Proof. By assumption 3.5, u(t) € W;, u(t) € B(z;,2C1¢) for Top < t < T so that

HU(TR) — u(To)H < 4018.

Now
Tr
w(Tr) = u(To) + / f(u(s)) ds
To
which implies that
TR Tg
u(Tr) (@) = [ " f)ds s [ f(ul) - £(e) ds
Ty Ty
But || f(z)|| > C2 and so
Tr
CZ‘TR — To‘ < ‘ f(zz) ds|| < 4C1e + 2’TR - To’CgCla. (319)
To

For ¢ sufficiently small the result follows. O

Lemma 3.7. Let assumption 3.5 hold, let b > 0in (3.3), assumethat u(t) € W(2s)NI
for To <t <Trp and let N = N(7), Q@ = Q(7) be such that Ty < tny < tg-1 <
Tr < tg. If there is a constant K such that, for all 7 sufficiently small,

Ex < K(7/8e)*/1, MY, < K7/d,
then there exists a constant K3 > 0 such that, for all = sufficiently small,

E, < {En + KaDtia, 1(tpy — tn) } exp|[Ka(t, — tn)] (3.21)
forp=N,...,Q.
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Proof. We have At; > 0, aAt; > At;4q for al ¢ > 0, by (1.8), (1.10). Thus

Z Atij1 < o Z At;,

which implies that

p—1 p—1
ZAti +At, — Aty < ZAti.
i=N i=N
Hence (3.20) follows.
Now
(tg —tn)

(Tr —To) + (To — tn) + (tq — Tr) < (Tr — To) + Dtg-1
(TR — To) +AtN + (a — 1)(75@ 1— tN)
(TR — To) + Aty + (a — 1)(TR — To) <Aty + a(TR — To)

NN N

By choosing K7 < de?*1 (which is possible by (3.4)) we have At%, < 7 and so, also
using lemma 3.6, it follows that there is a constant K4 > O:

(tQ — tN) < Kye. (3.22)

Note that (3.21) holds for p = N. For induction assume that it holds for p =
N,...,P < Q. Then, by (3.4), (1.8), (1.10), (3.22) we have

E, < [® + K3D*Kye|exp[K2Kse|, p=N,...,P <Q.
Hence, for 7 (and hence ¢ as b > 0) sufficiently small,
1Upll < Hu(tp)H + 1Bl < Hu(tp)H +d
sothat U, € J, p=N,..., P. Similarly to the proof of lemma 3.4, we thus have
Epmi1 < (14 Koty B,y + KaAt3H, m=N,... P. (3.23)

Applying theorem A in the appendix gives

P
Ex+K3) Ats+1] exp{ 2 Atj}.

j=N j=N

Epi1 <

But, for NV < j < P, equation (3.20) gives
Atj < Aty + (a — 1)(tj — tN) < Aty + (a — 1)(tp — tN) = Atmax,P-

Hence (3.21) holds for p = P + 1 and the induction is complete. O
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Lemma 3.8. Let assumption 3.5 hold and let a, b > 0 be chosen so that § = (7/d¢)*/1.
Assume that u(t) € I for Ty, <t < Tpandlet M = M(7), N = N(r) be such that
Tr <ty <ty—1 < Tp. Assume that

p < 1 _ 3.24
M Ca(g+1) ( )

and also that .
A, < —1 (3.25)

P aCa(qg+1)

if |£(U)| <6, |f(Upsr)|l > 6. Finaly, assume there is a constant K such that,
for al 7 sufficiently small, E; < K§. Then there exist K3, K» > 0 such that, for
n=M,...,N,

E, < [Em + K1d(tn — tur)] exp[Ka(tn — tar)], (3.26)
U, € Je, (3.27)
At < (g + D)7/de if |[f(U)| > 0, (3.28)

for all = sufficiently small.

Proof. We prove first that if (3.26) holds for n = M, ..., m < N then (3.27), (3.28)
hold for n = M, ...,m. We have E,, < K54, so that, by reducing = sufficiently,

Ul < ||ultn)| + K56 < ||ultn)|| +d
and so U,, € J. First assume that
[ ()| = C2/2.
Then, by the same argument that yields (3.17), we have
| BL(Un)|| = 2¢|| £ (Un)|| = (C3Cs + Cs)||Up, — unl.

But
Uy, — un|| < Ks6 = Ks(1/8¢)*1.

By (3.4) it follows that, since s > 1,

and hence, for 7 sufficiently small,

(C3Cs + C)|[Un —un| % < |IF @)l

e
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so that
[EXCATIN
1ol =7y >

and U,, € J.. On the other hand, if

IF W)l < C2/2

it is not possible that U,, € W(e), for if it were then U,, € W, for some i and, by
assumption 3.5,

G @l > £l - 1) - ] > 1) - Cochre

so that || f(z)|| < C2 for e sufficiently small. This contradicts assumption 3.5. Hence
(3.27) follows from (3.26). That (3.28) follows from (3.26) may be seen from the
assumption on At if U,11 € J\W(6) and U, € W(4), followed by application of
lemma 3.2, since (3.25) implies Atﬂl < eq/Calq+1).

Since (3.27), (3.28) hold we have that

Epi1 = || (wm; Atr) — SO (Upn; Aty |
< || (s Btn) = S (Uni At || + (| S (Ui D) =SB (Up At

By continuity of the semigroup S(-,¢) and by lemma 2.5 we obtain
Emi1 < (1+ Koty By, + Ks|| £(U) || 085,

where, without loss of generality, we have chosen K», K3 as given in the proof of
lemma 3.4. Now, if U,, € I'(¢), then there is K¢ > 0 such that

K| f(Un)||At5T < Kooty
whilst if Uy, € JA\I'(6) = J. 5 then (3.28) gives
Ks|| f(Un)||At5t < Ko(7/8¢)% Ut = KDty

Hence
Ept1 < (1 + Kot ) 'm + Kebolt,,

and an inductive step as in the proof of lemma 3.4 gives (3.26) forn = M, ..., m+1.
Since (3.27), (3.28) follow from (3.26) this completes the inductive proof. O
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4. Basic convergence theorem and applications

We employ the results of section 3 to obtain a basic convergence theorem concerning
the approximation of (1.1) by (1.7)—1.10). In the following we set T' < oo and

n=n(U,T) = inf_[f(S@)],

0<t<T

¢=((U,T) = b1 (S(U, 1)) |-

inf |
o<t<T
Let B denote a set with the property that there is a bounded set I = I(B,T) such
that
U sw.yycr1, vteloT]
UeB

The basic theorem assumes that n,{ > 0. Note that, since T' < oo, 7 > 0
occurs automatically provided that U is not an equilibrium point; on the other hand,
determining whether ¢ > 0 would appear to be very hard in general. For linear
problems defined through an invertible matrix it will be shown to hold. Furthermore,
we shall show in section 5 that, in a certain probabilistic sense, n,{ > 0 isvery likely
to occur. Thus the following theorem will eventually be of more use than might appear
at first reading.

Theorem 4.1. Assume that ||f(U)|| # 0 and that ((U,T") > 0. Then there are con-
stants K = K(B,T), 7. = 7.(U,B,T) and v = ~(U, B,T) such that, for al such

U € B, the sequences {U,} and {At,} generated by the algorithm (1.7)—«(1.10),
together with the truncation error (1.12), satisfy

ot -l < ()"

min {Cior, Atd} < At <
and
T\ %/
TUdt)|| < K(—) At
I7wniat)] < & (%)
foral 0<t, <T, 7€ (0,7.) provided that Atjnit < 7.
Proof. We apply lemma3.4witha=0=0, 7, =0, Tpo =T, 6 =n/2ande = (/2.

Note that ¢ > 0 by assumption and that » > 0 since || f(U)|| # 0. The result on U,
and the upper bound on At,, follow, provided

(0) _ ¢q
Blo” <7= 204(q+ 1)’
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where C4 depends on B through J and ¢ depends on U and T. The bound on the
truncation error follows from the estimate on the time-steps. The lower bound on At,,
follows from lemma 3.3. O

We now consider various cases where theorem 4.1 applies directly. The first of
these is the class of constant coefficient linear systems

ug = Au, u(0) =U, 4.0

where the m x m matrix A has entries a;; = {A};; satisfying

JAIZ = af =1 (4.2)
i,j=1
Such a normalization can always be achieved by scaling time. We use the theory
of section 4 to prove results about this problem. The following lemma, concerning
solutions of (4.1), will be useful in this regard:

Lemma 4.2. Let A be an invertible m x m matrix. All solutions of (4.1) subject to
(4.2) satisfy

- e U]
= > .
1) = I 4Ol > ey
Proof. By (4.1)
Ay = A?u.
Hence, using (-, -) to denote the inner product inducing the Euclidean norm || - ||, we
have 14
E&HAUHZ = (Au, Auy) = (Au, A%u) > —||Aul|.||A%u].
But, since || - || < || - [| 7, we have
1d
5 g 1Aul® = =l Aul?[l Al > || Allp ]| Aull* = — | Au]/.
Integrating gives
[Aul] > e7*[|AU].

Also, [|v| < [|A7H] - [|Av]| so that
lAul = et [U]/1A7H).

The result follows. O

By lemma 2.3 we know that the truncation error on linear problems may be
of higher order than on nonlinear problems. Henceforth in this section we assume
that s and ¢; have been chosen to be the effective orders of the methods in question
when applied to the class of linear problems of the form (4.1). Note that these orders
will be greater than or equal to the actual orders when applied to the fully nonlinear
problem (1.1). Similar considerations apply to ¢» and q.
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Lemma 4.3. The functions Bj(u) and by (u) satisfy
Bi(u) = aA%2 Ty, bi(u) = aA”2 /|| Aul| 4.3
for some a # 0, when (1.7)—(1.10) is applied to (4.1). Hence, if A is non-singular,

¢ = inf_|lbr(u(t))| >0

o<t<T
for all solutions of (4.1). Specifically

la|
> — .
‘2 A

Proof. From lemma 2.3, the definitions of B;(u) and b1(u) and from (1.6), the result
(4.3) follows. Now

| Au|| = HA*‘IZA‘JZJrluH < HAfluqzquerluH.

Hence
Aty |a|

il
Jestell =Vl > A -

The following results are a consequence of theorem 4.1 and lemmas 4.2, 4.3.

Corollary 4.4. For method (1.7)—1.10) applied to (4.1) with A invertible, the set W(¢)
is empty for all e sufficiently small. Hence assumption 3.5 is automatically satisfied.

Theorem 4.5. Assumethat the set B C R™ isbounded and that A isinvertible. There
are constants C = C(B,T), 7. = 7.(U,B,T) and v = (U, B, T) such that, for all
U € B\0 the agorithm (1.7)—1.10) applied to (4.1) satisfies

||A—1||q2+17>5/q
tn — Un < C - nurrn )

foral 0<t, <T, 7 €(0,7.), provided Atéo) <.

A direct analysis of the linear problem would be interesting and might yield
more information than our analysis here which is a corollary of a general nonlinear
analysis.

There are some nonlinear problems where the specific choice of f and of the
numerical method imply that ¢ > O for all initial data because b1(u) has no zeros. In
such situations theorem 4.1 may be applied directly. As an illustration consider the
following embedded Runge—Kutta pair:

anUa 7]2:U+tf(nl)v
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S(l)(U> t) =U+ tf(nl)a S(z)(Ua t) =U+ E [f(nl) + f(nZ)]

2
From expansions in powers of ¢ we see that
s (Ua t) =U+ tf(U)a
t2
S@OW,t)=U +tf(U) + S (O)f(U) + O(t%). (4.4)

It follows from (1.7) that

B(u,1) = Zdf (u)f(u) + O(F).
Thus, by definition (2.2), (2.3) we see that

Ba(u) = df (u) f(u)

and that

by — FOF)

Il

With this expression we show that, for this particular error control method and some
specific choices of vector fields, the set W(0) is empty. Consider the equations

n=a+2(2? 12, 2(0) =X,

(4.5)
yi=y+y@®+1°), y(0) =Y.
Thus the Jacobian of the vector field f(-) governing the flow is
1+ 322 + 92 2y
( 2y 1422 +3y% )" (4.6)

The determinant of this matrix is
(1+32° + ) (1 +2° + 3y%) — 4o®y® = 1+ 4(® + %) +3(* +17)%,

which is clearly non-zero for al real z and y. Hence b1(u) is bounded away from
zero for al u € R?. Similar examples may be found in [3].

The preceding discussion shows that for certain adaptive algorithms of the form
(1.7)«1.10) applied to certain specific vector fields there are no pointswhere by (u) = 0
so that theorem 4.1 may be applied directly. However, it is difficult in genera to
determine whether this situation holds for a given method and a given vector field.
This is the motivation for the probabilistic considerations of the next section.
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5. Probabilistic convergence results

Theorem 4.1 applies whenever n and ¢ are bounded away from zero and gives con-
vergence of the method (1.7)—(1.10). The values of n and ¢ depend in practice upon
the choice of initial data. In this section we take the viewpoint that it is therefore
worthwhile to calculate the probability that » and ¢ are bounded below by a certain
amount, with respect to random choice of the initial data.

Let B(O; R) be an open ball in R™ centred at 0 with radius R. We consider the
problem (1.1), and its numerical approximation (1.7)—(1.10), with initial data U chosen
at random uniformly on B(0; R). Thuswe have a probability triplet (B(0; R), B™, L™)
where B™ are the Borel sets of B(0; R) and L™ is m-dimensiona Lebesgue measure
restricted to B(0, R) and normalized to have total mass 1 on B(0, R). We will use
P(-) to denote the probability of an event. For simplicity of notation we will also let
Vol (-) denote the m-dimensional Lebesgue measure of a set in R™ since the measure
will essentially be volume whenever we use it.

Fix T' > 0. For each numerical approximation of (1.1) let N be any integer
such that ¢ty < 7. Given w € B(0; R) we may define the family of random variables
X (-, Atinit) by

luty) — Un|.

X (w; Atinit) :=limsup ~ sup
70 N: O<tn<T 78/4

thus the initial guess for the time-step, Atinit, yields the family of random variables
whose union form a stochastic process. We now consider the following family of
events, parameterized by e:

Y. = {w € B(O;R) | 3At. > 00 X (w; Otinit) < &%, VAtini € (0,4t}
If the event Y. occurs then the numerical error behaves like

s/
|u(tn) — Un|| < 275 q, VN: 0<ty <T, (5.1)

for Atini: and 7 sufficiently small, and the method converges at the rate to be expected
from the small time-step heuristics underlying it. It is hence of interest to calculate the
probability of Y. given the random choice of initial dataw € B(0; R). In this section
we prove the following theorem. The reader is encouraged to study the Important
remark following assumption 3.5 concerning its genericity. Note also that the zeros
of f are hyperbolic for generic f(u); in the proof, however, hyperbolicity can be
replaced by the weaker assumption that the set I'(¢) is contained in the digoint union
of non-intersecting balls of radius O(4), for al ¢ sufficiently small.

Theorem 5.1. Let assumption 3.5 hold, assume that all zeros of f are hyperbolic, and
let m > 1. Consider the approximation of (1.1) by the numerical method (1.7)—(1.10)
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with U chosen at random uniformly (with respect to Lebesgue measure) in B(0; R).
Then thereise. > 0 and C = C(T") > 0 such that, for any € € (0, ¢.),

P{Y.} > 1-Cé,

where
(m — L)mq

(2m —1)s "’
Hence, with probability 1, there is ¢ > 0 such that the numerical method converges
as predicted by (5.1) as 7 — 0, for all Atjni; sufficiently small.

l:

Actualy the proof shows that the set of initial conditions of small measure for
which a global error bound of the form 75/9 /¢ cannot be obtained is contained in a
finite number of sets with volumes of size O(g').

The idea behind the proof of this theorem is simple: from theorem 4.1 we need
to estimate the probability that (n¢)*/9 is greater than O(e). Now || f (u)]|| and ||b1(w)||
are only small in small neighbourhoods of the points where f(u) and b1(u) are zero
and by hypothesis these points are isolated. By the definition of n and { we see that
these quantities are only small when the solution enters the small neighbourhoods
of the points where f and b1 are zero. Thus proving the theorem boils down to
estimating the probabilities of entering these small neighbourhoods and then putting
the information together to obtain the required probability. Estimating the probability
that a randomly chosen set of initial data points enters a small neighbourhood during
the time 1" forward evolution of a semigroup is the same as estimating the probability
that the backward time 7" evolution of the small neighbourhood contains the set of
initial data points. Lemma 5.2 is fundamental in this regard; we prove this lemma and
then use it to obtain the proof of theorem 5.1.

For the purposes of this section we define the action of the group S(-,¢) on sets
by defining, for aset B C R™,

SB,t)= ] SU,1).
UeB

We aso define the diameter of a set B by

diam(B) = sup [l — y].
z,yeB

Lemma5.2. Givenz € R™ and € > O, let B = B(z,¢/2) and define

Et)= |J s(B,7).

o<t

Then there are constants e, > 0 and C' = C(z,T") > 0 such that, for all € € (0,¢.),

\/ol{E(t)}gc[ sup Hf(S(:v,t))Hqu}sm’l, vt € [0, 7).

0<t<T
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Proof. We proceed by approximation. Let At < 1 and define

B, = S(B,nit), E, = U Bin.

o<m<n
By continuity of S(U,-) it follows that, for any fixed t € RT,

v dim  No{E®)} —\ol{Ey}| =0 (5.2)

Now E, = E,_1UB, and B,,_1 C E,,_1 so that
VOI{En} = VOI{En—l} + VOI{Bn\[Bn N En—l]}
< VOI{Enfl} + VOI{Bn\[Bn N anl] } (53)

Our objective is to estimate the last term in this inequality and iterate to prove the
desired resullt.
We first show that there exists C; = C1(T') such that

diam(B;) < Cqe, Vj: 0< jAt < T. (5.9)

To see that this is true, let u, v be two arbitrary points in the set S(B,t) for some
t € [0,T]. Thus there are points @, v € B such that u = S(a,t), v = S(9,t) and, by
continuity of S(-,¢), it follows that there exists C1 = C1(T) such that

[ —vl] < Co(T)|a — o]].
But ||a — v|| < diam(B) = ¢ and, since u, v are arbitrary in S(B,t), it follows that

diam(S(B,t)) < Ci(T)e.
The result (5.4) follows.

Now note that B,, = S(B,,—1,At) so that, if y € B, then there exists z € B,,_1
such that

At
y=2z +/0 f(S(z,7)) dr.

Since S(z,7) = z + O(7) it follows that

A
y=z+ tf(Z)dT+O(At2).
0

By (5.4) we know that

Hz - S(a;, (n— 1)At) H < Cie
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and hence that
ly — 2l <&t f(2)]| + Ot
< [Bt]| £(S(z, (n — 1)AL)) || + LC1Ate] + O(AE?),

where L is the Lipschitz constant for f. Since y is an arbitrary point in B,, and since
z € B,,_1 we have o

B, C N(By_1,0At), (5.5)
where

§= sup [[f(S(z,t)|| + LCie + O(At). (5.6)
o<t<T

Now, by the group property of S(-,¢) we deduce that
N(Bp-1,00t)\By,—1 = S(B*, (n — 1)At)

for some set B* C R™.
We now prove that there exists C; = C»(T") such that

B* C N(B,C20At)\B. (5.7)

Let a € B*. Thenlet b = S(a, (n — 1)At) € N(B,_1,60t)\B,,_1. Hence there exists
ce€ Bwithd = S(c,(n —1)At) € B,_1 and ||b — d|| < dAt. By continuity of S(-,t)
in negative ¢ it follows that there exists C> = C»(T') such that ||a — ¢|| < C20At.
Thus, since a is arbitrary, (5.7) holds. Now let

V(t) = VoI{S(B*,t)}.
Since there exists k > 0 such that
IV.f(w)| <k, VueR™

we have
V(t) < €V(0).

But, since B is abal in R™, the volume of a neighbourhood can be calculated as the
product of the surface area and the width of the neighbourhood, and (5.7) gives

V(0) < VOI{N(B, C20At)\B} = Cye™ 151,
where Cy = Cy4(T'). Thus there exists Cs = Cs(T) such that
VO N (Bp—1,60t)\By—1} = V((n — 1)At) < Cse™ LAt
By (5.3) and (5.5) we have
VOI{E,,} <VOI{E,,_1} + VOI{N(B,,_1,00t)\By,—1}

<
<VO{E,_1} + Cse™ 16t
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Thus, for NAt < T, we have
VOl{Ex} < VOl{Ep} + TCs(T)e™14.

Using the expression (5.6) for § and taking the limit At — 0, N — oo with NAt < T
gives the required result, after noting that £y = B and hence has volume of O(e™). O

We now prove the probabilistic convergence theorem:

Proof of theorem 5.1. In the following we let n denote the random variable n(-, 7") and
¢ denote the random variable ¢(-,7"). Note that n, ¢ are dependent positive-valued
scalar random variables. We define the set

A= {w € B(0; R) (ng)i/q < al},

where K = K(B(0; R),T) is given by theorem 4.1. Thus
P{Y.} > P{A.}. (58)

We see that
P{A}=1- P{n¢ < (Ke)¥*}. (5.9)

By the law of total probability, for any p € (0, 1), we have
P{n¢ < (Ke)¥*} = P{n¢ < (Ke)/* | n> (Kep/*} P{n > (Ke)*"/*}
+ P{n( < (K&:)Q/S |n < (Ka)pQ/S}P{n < (Ka)p‘J/S}.

Let
61 = (Ke)IPa/s, o = (Ke)Py/s.
Then
P{n¢ < (Ke)¥*} < P{¢ < 81| n > 8} + P{n < &)}
Thus, since

P(A| B) = P(AN B)/P(B) < P(4)/P(B)
for any events A and B,

/51 o PLC < é1}
P{UC<(K5)/}<P{7]7>5;}+P{77<52},

so that
P{¢ <1}
1- P{n<d}
Given atime T and randomly chosen initial condition U we have that
- VO{(U 70 5(W(62),1)) N B(O; R)}

P{¢ < b1} = OB, 107 (5.11)

P{n¢ < (Ke)¥*} < + P{n < &} (5.10)
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and
VO{(U_7<i<05(M(d2), 1)) N B(O; R)}
\Vol{B(0; R)} ’
(This follows from the argument that the probability that a given set enters a particular
small neighbourhood under forward evolution is equal to the probability that the small
neighbourhood contains that set under backward evolution.) Note that, by assump-
tion 3.5 and the fact that al zeros of f are hyperbolic, W(d1) and I'(d2) comprise
digoint components contained in balls of radius §; and §, respectively. Note also
that each disjoint component of I'(d2) contains a point x: f(S(z,t)) = 0 for al t.
By lemma 5.2, and eguations (5.11), (5.12), we deduce that there are constants C;,
1=1,...,4, such that

P{¢ < (Ke)AP/s} < 0171 = Cpet-P)m—Da/s

P{n < &} = (5.12)

and
P{n < (Ka)p‘J/S} < C305 = CyeP™a/s,

We choose p to balance these two terms. Thus with p = (m — 1)/(2m — 1) we see
from (5.9) and (5.10) that, for al ¢ sufficiently small,

P{Y.} > 1-Cé,
where [ is given in the statement of the theorem. This completes the proof. O

The fact that the error estimate depends crucially upon the dimension being
greater than one is not simply a product of the analysis. The numerical experiments
of [3] indicate that in dimension one the error can behave badly for a set of initial
data of positive measure. Furthermore, the work of [1] shows that in dimension one
spurious steady solutions can be produced by adaptive algorithms for time integration
whilst in dimension greater than one this is extremely unlikely.

6. Modifications of the basic algorithm and deter ministic conver gence results

Recall that theorem 4.1 is useful in all but a small set of exceptional cases as made
precise by theorem 5.1. In this section we try to modify the algorithm (1.7)—1.10) so
that these exceptional cases can be incorporated into the analysisto obtain convergence
results.

We start by trying to eliminate the assumption on ¢ made in theorem 4.1. This
can be done at the expense of making assumption 3.5 about the set W(e), making
the assumption that « — 1 as = — 0 and accepting a reduced rate of convergence
in 7. Read the Important remark following assumption 3.5 on the genericity of the
assumptions.

In the following, define

B=1+q+q/s) (s+1)
and notethat 5 < s/qass > 1.
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Assumption 6.1. The constant o > 1 appearing in (1.10) satisfiesa — 1 as T — 0.

This assumption is perhaps a reasonable one to make whilst the code is in its
asymptotic regime = — 0 since the time-steps should not be alowed to change much
from step to step once 7 is sufficiently small. However, codes used in practice do not
typically satisfy this constraint.

Theorem 6.2. Let assumptions 3.5 and 6.1 hold and assume that || f(U)|| # 0. Then
there are constants K = K(B,T), 7. = 7.(U,B,T) and v = v(B,T) such that, for
al such U € B, the algorithm (1.7)—(1.10) and truncation error (1.12) satisfy

|u(tn) — Un|| < K78 /0
L 85/(s+1)
T (Un, B)|| < K | ——— | Aty
778/(1
foral 0<t, <T, 7 € (0,7.) provided that Atéo) < yrbls.
Proof. Here a = 0, b > 0 in (3.3) and we let § = 7. We consider the two cases

u(t) € I 25 and u(t) € W(2¢) N 1. We then apply lemmas 3.4 and 3.7 respectively
in these two regimes. In order to balance the error from each lemma we set

_ £_:lJr(s+l)q/s _ €q+l+q/s.

-
Then -
(1/e)*/1 =t and 7PI/s = p (6.1)
Also
7/e9Tl =95 50 ast—0 (6.2)

so that, since § is fixed, (3.4) holds and the theory of section 3 applies. The time-step
predicted by (3.20) of lemma 3.7 then sdtisfies, for some § = 6(r) > 0 satisfying
0 —0ast—0,

At, <0, p=N,...,Q, (6.3)

by virtue of (3.22), (6.2) and assumption 6.2. Thus the error predicted by lemma 3.7
is O(e5*1) which, by (6.1), balances the error predicted by lemma 3.4, since § is
fixed independently of 7. The error is thus of O(8/6%/%) and O(7?) in lemmas 3.4
and 3.7, respectively.

The solution may alternately pass through I, 25 and W(2¢) any number of times
on the interval [0, 7). In order to apply the two lemmas in this way we need to show
that the requisite conditions on the time-step are satisfied. Under the assumption on

Atéo) we deduce that

At < o
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by (6.1) so that the initia condition required on Atg for lemma 3.7 is satisfied if
U € W(2¢), by appropriate choice of v, depending upon B and T' through J. The

assumption on At(()o) also shows that

Atéo) < eqCs(q+ 1)

by virtue of (6.2) so that lemma 3.4 may be applied if U € I, 5.

It remains to show that we can pass from I, 55 to W(2¢) applying lemmas 3.4
and 3.7 respectively. After exiting I». 25, lemma 3.4 gives At%, < (¢+ 1)7/de so that
lemma 3.7 applies. Aftex exiting W(2¢), lemma 3.7 showsthat, by (6.3), 7 sufficiently
small ensures that

MY < abtgo1 < eq/Calq + 1)

so that lemma 3.4 may be applied.

This completes the proof except for the bound on the truncation error. This last
step follows from the bound on the time-steps proved during the course of the lemmas.
The dlight loss of accuracy as compared with the global error occurs because, when
estimating the global error, (3.22) is used to further reduce the error. O

Finally, we try to eliminate the dependence of theorem 6.2 on n and the assump-
tionthat || f(U)|| # 0. This can be achieved at the expense of an additional assumption
on the method and still further reduction in the rate of convergence. Let

o= (s+q+2+q/s) (s+1). (6.4)

The extra assumption is now given. The basic point here is that, in the neigh-
bourhood of an equilibrium point, the time-step can be very large and errors till
small. Assumption 6.3 ensures that large choices of the time-step do not persist after
the neighbourhood of the equilibrium point is left behind.

Assumption 6.3. The minimal non-negative integer & in (1.8) is chosen so that if
If (U <77, || f(Unsa)|| > 77 then, in addition to (1.9) holding,

A, < h(T)T”/(8+1),
where h(1) — 0as T — 0.
We may now prove;

Theorem 6.4. Let assumptions 3.5, 6.1 and 6.3 hold. Then there are constants K =
K(B,T), 7. = 7.(B,T) and v = ~(B) such that, for all U € B, the algorithm
(1.7)«1.10) and the truncation error (1.12) satisfy

Hu(tn) - UnH < K7°

and
|T(U, Oty) || < K77/ DA,

for al 0< t, < T, 7 € (0, 7.), provided that At < y7o/5.
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Proof. Here a,b > 0 in (3.3) and we consider u(t) € I and u(t) € W(2e) N I. In
order to balance the errors from lemmas 3.7 and 3.8 we set

(T)S/q:5:58+l,

de
giving 7 = gstat2ta/s 5 — o5+l oo that
T\ /4 -
(g) = (6.5)
and -
m:sq/sﬁo as T — 0. (6.6)
&g

Thus (3.4) holds and the theory of section 3 may be applied. Asin the proof of theorem
6.2, the time-step predicted by lemma 3.7 thus satisfies (6.3) for some 6 > 0 satisfying
6 — 0 a1 — 0. Thus the error predicted by lemma 3.7 is O(e*™Y) = O(r9),
balancing the error predicted by lemma 3.8.

By assumption we have that

T\ 1a
Bt < At <7 (1)

so that lemma 3.7 applies if U € W(2¢). Also, by (6.6),

Ar©) < £q
to Cs(q + 1)

for + sufficiently small so that lemma 3.8 appliesif U € I,.. After exiting I,. lemma
3.8givesAt}; < (¢+1)7/de sothat lemma3.7 applies. After exiting W(2¢), lemma3.7
shows that, by (6.3), for all = sufficiently small,

Atg)) < altg-1<eq/Calqg+1)

so that lemma 3.8 may be applied. This completes the proof. O

As an illustration we apply theorem 6.4 to the study of linear problems with A
invertible so that assumption 3.5 holds automatically by corollary 4.4. We obtain the
following:

Theorem 6.5. Assume that B is bounded and that A is invertible and that, in ad-
dition, the algorithm satisfies assumptions 6.1 and 6.3. Then there are constants
C=C(B,T), ™ =7"B,T) and v* = v*(B) such that, for al U € B, the solution
u(t) of the linear equation (4.1), and its numerical approximation by the algorithm
(1.7)~1.10), satisfy

u(tn) — U] < C7°

foral 0<t, <T, v €(0,7.), provided Atéo) < ’)’*TU/S.
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Appendix

Theorem A. Consider sequences {At, } 3L {P, V=L and {G,, }Y—} satisfying

N-1 N-1 N—-1
Z At, =, Z A, Gy = ag(r), Z At, P, = az(r)
n=M n=M

n=M

and
Nt P, G, >0, n=M,...,.N—-1

If the sequence {E,,}Y_,, satisfies
Epi1 < (14 OtyGp)Ey, + MyPy, n=M,... N -1,

then
En < [EM+a2(T)] exp{al(r)}, n=M,...,N.

Proof. Define {Q,}_, by

Qn+l = (1 + AtnGn)_lQTm QM =1

Then OLE
En+l < s + Atnpn
n+1
so that
Qn+lEn+l < QnEn + AtnPnQnJrl-
Hence
N-1
QNEN < QuEM + Z At P Qnta,
n=M
which implies that
N-1
QNEN < Em+ Y OtaPy = En + az(r). (A1)
n=M
But
N-1
Oy =[] @+4t.Gn)
n=M

so that, noting that 1 + x < e* for al positive x, we have

N-1 N-1
it < H exp(At,Gy) = exp( Z AtnGn> = exp(as(r)). (A2)

Combining (A1) and (A2) gives the desired result. O
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