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Summary. This paper constructs an adaptive algorithm for ordinary differ-
ential equations and analyzes its asymptotic behavior as the error tolerance
parameter tends to zero. An adaptive algorithm, based on the error indicators
and successive subdivision of time steps, is proven to stop with the optimal
number, N, of steps up to a problem independent factor defined in the algo-
rithm. A version of the algorithm with decreasing tolerance also stops with
the total number of steps, including all refinement levels, bounded by O(N).
The alternative version with constant tolerance stops with O(N log N) total
steps. The global error is bounded by the tolerance parameter asymptotically
as the tolerance tends to zero. For a p-th order accurate method the optimal

1
number of adaptive steps is proportional to the p-th root of the L+ qua-
si-norm of the error density, while the number of uniform steps, with the
same error, is proportional to the p-th root of the larger L'-norm of the error
density.

Mathematics Subject Classification (2000): 65Y20, 65150, 65L70
1 Introduction to adaptive ODE methods

This paper constructs an adaptive method, for approximation of ordinary
differential equations, and analyzes its asymptotic behavior as the error
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tolerance parameter tends to zero. The algorithm is based on error indica-
tors for the global discretization error of the form

(1.1 global error = Z local error - weight + higher order error.

time steps

Consider a solution X : [0, T] — R? of a differential equation, with flux
a:[0,T] x RY — R4,

dX(t)— & X@), 0<t<T
(1.2) ar T R

X (0) = Xo,

and an approximation X of (1.2) by any numerical method, satisfying the
same initial condition

(1.3) X(0) = X(0) = X
with time steps
O=ty<---<ty=T.
This work uses error estimates of the form (1.1) for the global error

(1.4) g(X(T)) — g(X(T)),

derived in [28], with a given general function g : R — R, to construct adap-
tive time stepping methods. The function g is therefore included in the data
of the problem, which the user specifies as in optimal control problems; i.e.
the user provides the information to approximate the value of the objective
function g. One example is to find the value of one component of the solution
at the final time, e.g. g(x) = xj.

The adaptive algorithm in this work can be viewed as a solution to the
optimal control problem to minimize the number of time steps, with the error
asymptotically bounded by the tolerance, for general numerical schemes of
ordinary differential equations. The proposed adaptive algorithm yields an
approximate solution to the optimal strategy

(1.5) local error - weight| = constant.

The advantage with this approximation of functionals, g, of the solution
and the optimal control approach to adaptive methods is that the weights
can be computed with additional work which is of the same order as that
of solving for X. Alternative adaptive methods based on global error con-
trol of L?-norms of the error require either more expensive computations of
the weights, as compared to the work to compute X, for d > 1, or some
a priori estimates of the weights, see [20, 13, 14,23]. In particular the work
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[20,13,14,23] focuses on the more important and much harder goal of guar-
anteed global error control, which is possible for certain differential equations
allowing good a priori error estimates; this higher goal, not considered here,
would clearly also justify more computational work. On the other hand, our
algorithm treats roundoff errors, which often are neglected even in studies on
guaranteed global error control.

Subsequent work extends the adaptive algorithms here to optimal control
problems, see [32]. Our optimal control approach to adaptivity is inspired
by the work [5—7] and [21] on finite element approximations. The work [15]
studies discontinuous Galerkin approximation of optimal control problems
with adaptive methods based on the alternative global error control in norms
and arbitrary functionals.

There are numerous adaptive algorithms for ordinary and partial differ-
ential equations, e.g., [1], [3], [5-7], [12], [13], [18], [21], [27], [29], but the
theoretical understanding of convergence rates of adaptive algorithms is not
as well developed; there are however recent important contributions. DeVore
studies in [10] the efficiency of adaptive approximation of functions, includ-
ing wavelet expansions, based on smoothness conditions in Besov spaces.
Inspired by this approximation result, Cohen, Dahmen and DeVore prove in
[8] that a wavelet-based adaptive N-term approximation algorithm produces
a solution with asymptotically optimal error O(N ) in the energy norm for
linear coercive elliptic problems. Our work connects DeVore’s smoothness
conditions to error densities for adaptive approximation of general ordinary
differential equations. Adaptivity is also understood in the special case of
integration, e.g., [17] shows that local error indicators give rigorous error
bounds in an average probabilistic sense.

What is the right measure of convergence rates for adaptive algorithms?
For a constant step size At, approximations with error O(At?) require com-
putational work with O(1/At) operations. The accuracy ¢ = O(At?) is
hence asymptotically determined by the number of steps N = O(1/At) =
O(e~!/P). This simple asymptotic complexity estimate, O(e~!/?), is one of
the most basic and well used numerical analysis measures of the performance
of approximations. Analogously, for adaptive methods, it seems natural to
study the approximation error and the associated work, proportional to the
number of steps, as the tolerance parameter tends to zero. For a p-th order
accurate method, the number of uniform steps to reach a given approxima-
tion error turns out to be proportional to the p-th root of the L'-norm of
the error density, defined by (local error - weight)/ AtP*!, while the smallest

number of adaptive steps is proportional to the p-th root of the smaller L =)
quasi-norm of the error density. These norms are therefore good measures
of the convergence rates and define our optimal number of steps: Theorems
2.1, 2.4 and 2.5 in Section 2 prove that an adaptive algorithm stops with
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the optimal number of steps, NV, up to a problem independent factor and the
global error is asymptotically bounded by the tolerance times a problem in-
dependent factor, as the tolerance parameter tends to zero. The total number
of time steps, including all refinement levels, can be bounded by the number
of steps on the finest level times a problem independent factor, provided the
tolerance in each refinement level decreases by a constant factor to guarantee
that the number of steps increases at least by a given factor, see Theorem 2.7.
Varying tolerance has the drawback that the final stopping tolerance is not a
priori known; on the other hand, with constant tolerance, the total number of
steps including all levels is bounded by the larger O(N log N). The reports
[33,25] and [26] introduce adaptive algorithms for weak approximation of
stochastic differential equations and partial differential equations, respec-
tively, in the spirit of Section 2. The extensions of Theorems 2.1, 2.4 and 2.5
to stochastic and partial differential equations are straight-forward except
for the convergence of the error density: to prove convergence of the error
density for approximation of ordinary differential equations is simple, while
the corresponding convergence result for stochastic and partial differential
equations are subtle and require special techniques and new ideas, see [25]
and [26].

The authors are not aware of any results on convergence rates and asymp-
totic work related to Theorem 2.1, 2.4, 2.5 and 2.7 for other algorithms to
solve ordinary differential equations. One reason for this is that most adap-
tive algorithms are based on making a combination of the absolute and the
relative local errors approximately constant, ignoring the weights, cf. [18],
[34]. Although these algorithms in practice perform very well, a proof of the
optimality of the mesh is lost; since the tolerance parameter measures only
the local error, there is by (1.1) no explicit relation between this tolerance
parameter and the global error. Many such algorithms also lack proofs of con-
vergence of the approximations. One exception is the work [22,31], which in
particular proves the convergence of ODE23 of MATLAB version 4.2 solving
ordinary differential equations. Adaptivity based on the local errors, without
the weights, has the clear advantage to avoid the additional storage and work
needed to compute the weight at many time levels. This additional storage
is clearly a drawback. On the other hand many computer programs for the
numerical solution of ordinary differential equations store the solution at all
time levels for other reasons, e.g. for post processing. The use of dual func-
tions is standard in optimal control theory and also well known for adaptive
mesh control for ordinary and partial differential equations, see [2], [5], [7],
[14], [20], [21], [36].

The literature on information based complexity, cf. [4], [30], [35], [37],
discuss the efficiency of adaptive versus non-adaptive methods. A central
result by Bakhvalov and Smolyak proves that, using a fixed number of
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functional evaluations, there is for each adaptive method a non-adaptive
method which has as small maximal error as the adaptive method for approx-
imation of linear functionals, S : F — R, such as, e.g., Sf = fol f(t)dt,
with functions f in a convex symmetric subset F of a normed linear func-
tion space. A symmetric set is a set which contains — f, if f is in the set.
A precise statement of the theorem is in Remark 2.10. Starting from Bak-
hvalov and Smolyak’s result, the insightful review [30] includes discussion
about when adaptive methods for integration and solution of ordinary and
partial differential equations are useful. Our study differs from Bakhvalov
and Smolyak’s work in two important regards: Section 2 and 3 prove that an
adaptive algorithm applied to a fixed differential equation (1.2) (and a fixed
discretization method), uses a number of time steps which is asymptotically
close to the optimal number to approximate with a given error tolerance, for
the error (1.4), as the number of steps tends to infinity. In contrast, Bakhvalov
and Smolyak analyze discretization methods based on the maximal error in
a convex function set, with a fixed number of steps. The performance of the
algorithm in Section 2 and 3 is not characterized by convex function sets; on
the contrary, applied to integration, i.e., a(t, x) = a(¢) in (1.2), the estimate
of the number of steps to approximate with error TOL in Section 2, using a
p-th order accurate method, shows that adaptive integration is much more
efficient than uniform steps, asymptotically as TOL — 0, if

1@l o oy << 10”0,
where a'?) = dPa/dt? is the error density (non adaptive methods with non
uniform steps would require some additional a priori information to improve
over uniform steps). In particular, the functions which can be adaptively in-
tegrated, with given asymptotic behavior of the error and number of steps,
are characterized by the non convex set

(1.6) faecrao.ty: ga?y . <cf
LPHT(0,T)
for a constant c¢. Our goal is to solve a problem to a certain accuracy with
minimal asymptotic work by using appropriate adaptive time steps. We do not
address the related problem to adaptively determine the order of the method
and to determine implicit/explicit alternatives. The closely related problem
of efficient adaptive and non adaptive approximation of functions, measured
in L4 norms, has been characterized by DeVore [10] using Besov spaces, see
Remark 2.11.
In conclusion, the main results are:

— a measure of convergence rates for adaptive approximation of ordinary
differential equations;
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— a general adaptive algorithm, where this work on ordinary differential
equations is the basis for the extensions to stochastic and partial differen-
tial equations in [25,26]; and

— arigorous and simple analysis of convergence rates of an adaptive algo-
rithm, where several related algorithms were successively improved to
finally have both good numerical and theoretical results, with assump-
tions that are reasonable also in practice and not only for very small error
tolerances.

The outline of the paper is: Section 2 describes and analyzes an adaptive
algorithm; Section 3 presents numerical experiments based on the adaptive
algorithm.

2 An adaptive algorithm

This section describes general properties of an adaptive algorithm. First we
recall an expansion (1.1) of the global approximation error, derived in [28],
and based on the local error and a variational principle. Then an adaptive
algorithm is presented for problem (1.2). The algorithm chooses the number
of time steps adaptively, by successively dividing time steps, to bound an
approximation of the global error. The main result is that each refinement
level in the algorithm decreases the maximal error indicator with at least a
given factor until the algorithm stops with the optimal number of steps, up to
a multiplicative constant factor which is independent of the problem (1.2).
The true global error is then bounded by the tolerance times a similar problem
independent factor, asymptotically as the tolerance tends to zero.

2.1 An error expansion

The adaptive algorithm we construct in this paper uses the error expansion
(2.8) derived in [28], with computable leading order term based on approxi-
mate local errors and weights defined as follows.

Consider a p-th order accurate one step approximation X, of X, written
in the form

2.1 X(ty) = A(X(ta—1), Aty),

with time levels ¢, and initial condition (1.3). The weights can then be
approximated by

d
Uity1) = Y 0, A;(X(ta1), AT (1),
j=1

Wi(T) = 8,8(X(T)),

(2.2)



Convergence rates for adaptive approximation of ODE

which yields a p-th order accurate approximation
(2.3)  max |X(t;) — X (t,)| + max |¥(t,) — WU(t,)| = O((max At)?),

where At, = t, — t,_; and max At = max, At,.
Let the local error e be defined by

(2.4) e(ty) = X(ty) — X (1),

where the local exact solution X satisfies, for each time step (t,—1, f],
dX -

2.5) () =al. X)), ti-1 <1 =i,

i(l‘nfl) = Y(l‘n,l),

We approximate the local error e = }?_— X by replacing the unknown exact

local solution X by an approximation X of higher accuracy than X, i.e., with
smaller time steps or a higher order method in a higher precision. For smooth
solutions X, the existence of the limits

: —(p+D) (¥ -x
lim (Ar,) (X (1) — X (1)) ,

. g+ (¥ v
g}go (At,) "t (X(tn)—X(tn)),

determines by Richardson extrapolation a constant y, for ¢ > p cf. [9], such
that

@7 ) = X(t) =X =7 (X0) = X)) +O(ay ™).

(2.6)

For instance there holds: y = 27/(2” — 1) for X computed with the half

mesh size and g = p; and y = 1 for X computed with a higher order method
q > p,see[18].

The global approximation error for the differential equation (1.2) then has
the expansion

N

gX(T)) — g(X(T)) = > (((tn), W(tn)) + O(ALF*?))

n=1
N

2.8) =D bt
n=1

where
_ @), U (t) + O(AL?)

Al‘,{l—H

n

and e(t,) = y (?(tn) — Y(t,,)) is the approximation of the local error in
2.7).
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2.2 Adaptive step size control

Let us now motivate the optimal choice of steps
|loca1 error - Weight| = constant,

for approximation methods which have no essential constraint on the step siz-
es, such as one step methods (2.1). For the time steps0 =1y < - - <ty =T,
let the piecewise constant mesh function At be defined by

At(t)=Ati =t —t;_; for te(t_1,5] and i=1,...,N.

Then the number of time steps that corresponds to a mesh At, for the interval
[0, T'], can be defined by

dt.

T
2.9 N(At) =
(2.9) (A1) /0 NG
Consider, fort € (t;_1, t;]andi = 1, ..., N, the piecewise constant function
p, which measures the density of the global error from (2.8)

2.10) o) = p = LT oy
At!

1

and its approximate counterpart p, obtained from (2.8) with

— e(t; ,E t;
@.11) (1) = j: = sign (2(t,). (1)) max (W(A)t%))' 5)

where
(2.12) § = v/max At

and sign(x) = 1forx > 0and —1 forx < 0. The constant§ > 0 is motivated
by the requirements that max At — 0 as TOL — 0 and that the bounds for
the error density in (2.22) hold, see Lemma 2.2.

It seems hard to use the sign of the error indicator for constructing the
mesh, since with only two steps the error can be zero just by chance: let
fol f(s)ds = 0 be the integral of a continuous function where also f(0) =
f(1) = 0. This integral can be computed by the Euler method without error
for a very particular choice of just the two time steps (0, 5), (s, 1), with an
interior point § satisfying f(s) = 0, but any other choice of time steps gives
in general very large errors. On the other hand, the cancellation of the error
does not seem to be important in many cases, e.g. the Lorenz problem shows
that the error only grows with a factor of two by using |p| instead of p, see
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Remark 3.4. We choose to minimize the number of steps N in (2.9) under
the more stringent constraint

N T
2.13) 3 lailar! :f 5(0)| AP (t)dt = TOL.
i=1 0

This yields, with a standard application of a Lagrange multiplier, the optimal
time steps Ar* satisfying

(2.14) |,5,~|Atl-erl = constant
and
TOL? [ (7 LN
(2.15) At* = - (/ |,5(17)|p+1d1r) .
|p|P*T \JO

This optimal choice gives TOL = |Et|, where

N
(2.16) Er=)Y madt,
i=1

only for problems with positive density functions p, since otherwise (2.16)
and (2.13) may give TOL > |Er|. To use the sign of the density in an optimal
way is not considered in this work.

The goal of the adaptive algorithm described below is to construct a par-
tition At of [0, T'] such that

TOL
(2.17) |'5i|Atip+1%T’ Yi=1,...,N,

which is an approximation of the optimal (2.14). To achieve (2.17) let s; ~ 1
be a given constant, start with an initial partition A¢[1] and then specify iter-
atively a new partition At[k + 1], from At[k], using the following division
strategy: fori = 1,2, ..., N[k], let

(2.18) Filk] = 1K (AG KD,

and

divide At;[k] into M uniform substeps
(2.19) else
let the new step be the same as the old

endif
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where M is a given integer greater than 1. With this division strategy, it is
natural to use the stopping criterion:

, i TOL
(2.20) it ( max 7[k] < S

) then stop.
I<i<NIk] Nk]

Here S is a given constant, with S§; > s; & 1, determined more precisely as
follows: we want the maximal error indicator to decay quickly to the stopping
level S;TOL/N, but when almost all 7; satisfy r; < s} T(]3L, the reduction of
the error may be slow. Theorem 2.1 shows that slow reduction is avoided if
S satisfies (2.23). Refinements by subdivision related to (2.19) is standard in
adaptive algorithms for partial differential equations, cf. [6], but the stopping
(2.20) is not. We have tested several alternative stopping rules, such as the
well known |Et| < TOL. It turns out that the stopping condition (2.20) yields
more accurate error estimates both theoretically and computationally.

The remainder of this section analyzes in three theorems the adaptive
algorithm based on (2.17) with respect to stopping, accuracy and efficien-
cy. In order to analyze the decay of the maximal error indicator, it is useful
to understand the variation of the density p at different refinement levels.
In particular we will consider a time step (#;_1, ¢;][k] and its parent on a
previous refinement level, parent(i, k), with the corresponding error density
po(t;)[parent(i, k)]. Since by (2.29), TOL — 0+ implies that max At — 0,
there is alimit, 7, of p using ¥ — W by (2.3)and &/AtPt —e/AtPT! — 0
by (2.6, 2.7) as max At — 0, thus

(2.21) o]l — |pl, as max At — 0.

A consequence of (2.21) as TOL — 04, and (2.10, 2.11) is that for all time
steps (t;_1, t;1[k] and all refinement levels k there exists a constant ¢ = c(¢;),
close to 1 for sufficiently refined meshes, such that the error density satisfies

'p(t ;) [parent(i, k)]‘

M TTSTTS
- 'P(E)[k — 1]' <!
| Pkl | T

provided max, x At,[k] is sufficiently small. Section 3 verifies the condition
(2.22) computationally for some examples; in particular the Lorenz prob-
lem in Figure 3.3 shows that ¢~! for the maximal error indicator is close to
1, while max; ¢(;)~' can be very large. Note that the condition (2.22) also
implies a related constraint on the optimal mesh, see Remark 2.3.

(2.22)

Theorem 2.1 (Stopping) Suppose the adaptive algorithm uses the strategy
(2.18)—(2.20). Assume that c satisfies (2.22) for the time steps corresponding
to the maximal error indicator on each refinement level, and that
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c—l

2.23 M 1
(2.23) 512?51, >W-

Then each refinement level either decreases the maximal error indicator with
the factor

-1

(2.24) max rilk+1]<

rilk
1<i<N[k+1] - Mp+l 1<1<N[k] rilk],

or stops the algorithm.

Proof. Thereisat* e [0, T] giving the maximal error indicator value

r)k+1]1= max r[k+1]
1<i<N[k+1]

on refinement level k + 1. The corresponding indicator r(¢*)[k], on the
previous level, satisfies precisely one of the following three statements

— % SlTOL
(2.25) r(t)k] < NIK
S]TOL - er1S1TOL
(2.26) NIK] <r@Mkl <M —N[k] ,
— % ptl SlTOL
(2.27) r(*)k] > M —N[k] .

If (2.25) holds the time step containing ¢* is not divided on level k¥ + 1 and
by (2.22)

¢ 's;TOL

(2.28) r()lk+1] < NIK]

Condition (2.23) and the bound N[k + 1] < MNJ[k] imply siTOL

Nik+1] =
ﬂ, which together with (2.28) show that the algorithm stops at level

k —i—N[l if (2.25) holds.

Similarly, if (2.26) holds, the time step containing ¢* is divided on level
k+ 1,50 that 7(*)[k + 1] < <TOL
stops at level k + 1.

Finally if (2.27) holds, the time step containing ¢* is divided and by (2.22)

again and consequently the algorithm

-1 -1

F)k+1] < A7 S (I <

—— max rlk],
= MPF! 1<i<N[k] iK1

which proves the theorem. O

Let us verify that the choice (2.12) of § implies that max At — 0 and that
c is close to 1 in (2.22) for sufficiently refined meshes.
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Lemma 2.2 Suppose (2.8), (2.10-2.12), and (2.21) hold, then

(2.29) Lim max Ar(0)[7] =0,

for the final mesh J, and

p(t;)[parent(i, k)] B .
‘ p() K] 1‘ = O( Jmax Aflj]).
p)lk — 1] .
' P)IK] ‘ O( fmax Aflj])

Proof. When the algorithm stops the error indicators satisfy the bound

S, TOL
(2.30) \pila T < ‘T for all i.

Consequently we have by (2.12)

S TOL

> S max AtPT! > max ArPH/2,

which proves (2.29):

max AfPH2 < S TOL - SlTOL'
~ Nmax At — T

The definition (2.11) implies |p| = max(|p| + O(max Ar), §), where p
is the limit of p obtained in (2.21). Therefore, we have

';sa_,-)[k -1 1‘ < OQmax AMKD _ o /max ArTD).
p(t)[k] J

A(t)[parent(, k)]

The same estimate for HIE

finishes the proof. O
Remark 2.3 The error density condition (2.22) also implies constraints on the
optimal mesh; for instance, M = 2 and the assumption %(ﬁi (k] 4+ pi+1lk]) =
p(t;)[k — 1] shows that

Pi_+1[k] <9

< - 1.
pilk]

2.31) 2c—1< '



Convergence rates for adaptive approximation of ODE

2.3 Accuracy of the adaptive algorithm

The adaptive algorithm guarantees that the estimate of the global error is
bounded by a given error tolerance, TOL. An important question is whether
or not the true global error is bounded by TOL asymptotically. Using the
upper bound (2.20) of the error indicators and the convergence of p and p in
(2.8,2.10, 2.11, 2.21), the global error has the estimate

Theorem 2.4 (Accuracy) Suppose that the assumptions of Lemma 2.2 hold.
Then the adaptive algorithm (2.18)—(2.20) satisfies

(2.32) lim sup (TOL*1 |g(X(T)) — g(X(T))| ) <.
TOL—0+

Proof. When the adaptive algorithm stops, (2.8), (2.10) and (2.20) imply

N 4
TOL™'[g(X(T)) — ¢(X(T)| <TOL™' Y Arf / lp(0)ldz

i=1 i-1

2 N .
TOL\ 71 & [
(2.33) §TOL‘1(S1—)p / 1p@ e
N i |p(o) |7

Rewrite the inequality (2.20) as

st < ((5,TOL Gl

P =01y AL’
integrate both sides and use the definition (2.9) to obtain

1

N™#T < (5, TOL) 7+ —
fo 1p(@|7Tde
Apply this to the right hand side of (2.33) to get

Jy |P(T)|/|5(T)|"%dr.
[ a7 dr

(2.34)  TOL 'g(X(T)) — g(X(T))| < S

Since by Lemma 2.2 we have max At — 0 and consequently p and p con-
verge to p as TOL — 0+, the fraction in (2.34) converges to 1 by the
Lebesgue dominated convergence theorem, which proves (2.32). O
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2.4 Efficiency of the adaptive algorithm

An important issue for the adaptive method is its efficiency: we want to de-
termine a partition with as few time steps as possible providing the desired
accuracy. The definition (2.9) and the optimality condition (2.15) shows that
the number of optimal adaptive steps, N, satisfies

p+tl

T 1 1 T | P
N =f ——dt = (/ Iﬁ[k](f)lp“df) ,
0o Ar'(r) TOL? \Jo

ie.,

|
(2.35) N™ = ol
TOL?»

.-
P

&~ s

Here p > 0is the order of accuracy of the approximate solution and || - || _1

L ptI1
is the quasi-norm defined by

T : 1
T s(/o i)

On the other hand, for the uniform steps At = constant, the number of
steps, N"™, to achieve Z,N:1 |pi|At! 1 — TOL becomes

. | T p L
Nunl — d _ _ k d ’
/0 At (1) ’ TOL. (A |p[k](T)] r)

T
TOL»

i.e.,

1
(2.36) N™ = 217,

Hence, the number of uniform steps is measured in the L!-norm and the opti-
mal number of steps is measured in the L = quasi-norm. Jensen’s inequality
implies || f ||L . < TP||fll.1, therefore an adaptive method may use fewer
time steps than the uniform step size method, see Remarks 2.10 and 2.11,
(1.6) and Example 3.2.

The following theorem uses a lower bound of the error indicators, ob-
tained from the stopping condition (2.20) and the ratio of the error density

(2.22), to show that the algorithm (2.18)—(2.20) generates a mesh which is
optimal, up to a multiplicative constant.
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Theorem 2.5 (Efficiency) Assume that ¢ = c(t) satisfies (2.22) for all time
steps at the final refinement level, that all initial time steps have been divid-
ed when the algorithm stops, and that the assumptions of Lemma 2.2 hold.
Then there exists a constant C > 0, bounded by (X )/’ such that the final
number of adaptive steps N, of the algorithm (2. 18) (2.20), satisfies

5 1
(237) TOL'N <C ||—||” . =C (max C(t)_;> [V:1
LT 0<i<T LT
and ||p|| 1L — ||,0|| asymptotlcally as TOL — 0+.

Lp+T
The Lorenz problem in Section 3 gives an example where the average
121 /Al A~ 1 while max c~! ~ 10°. Therefore the first bound
P P

in (2.37) yields a good estimate N /N°" & 1, but the second inequality yields
the less accurate estimate N /N < 10, see Section 3. In fact, the main guide-
line for our construction of adaptive algorithms has been to find an algorithm
for which convergence rates can be derived based on assumptions that are
also satisfied in practice.

Proof. When the adaptive algorithm stops, on level k, the error indicators
satisfy the upper bound
S, TOL

S 01 — (1A(r. p+l
rilk] = (Ip@)| A7 )Ik] < NIk

By assumption, each time step (#_j, t;][k] has a parent on a previous
level, parent(i, k) (not necessary the previous level k — 1), which was di-
vided. Therefore the indicators of the parent time steps satisfy the lower
bound

|6(t;) [parent(i, k)| MP T At (1;)? T [k] = (Ip(t:)| At (#;)" ) [parent(i, k)]
s1TOL
~ N[parent(i, k)]
SlTOL
> .
— NI[k]

The estimate on the number of steps now follows by relating the error indi-
cators to the lower bounds of their parents:

41 s;TOL 1 1
At ()P k] > — :
N[k] MP*!|p(t;)[parent(i, k)]|
s1TOL c

= NIKIMA )KL
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This and (2.9) imply

1
p+1

dt

T -+ T
N[k] = / dt (N[kD) M
0

5
NG (s;ToLym Jo e

which together with Holder’s inequality proves the theorem
1
M p+1N\ » 1 1 :5 L)
NIK] < (=) 1207 o
S1 TOL C [ p+l

1
< (YN (L) e sl b
- S TOL L+t

2.5 Implementation of the adaptive algorithm

This subsection presents a detailed implementation, called MSTZ, of the adap-
tive algorithm (2.18)—(2.20). The division strategy (2.19) is applied iteratively
until the approximate solution is sufficiently resolved, in other words, until
the approximate error density p and the time steps satisfy the stopping criteria
(2.20):

Initialization. The user chooses

1. an initial error tolerance, TOL,

2. anumber, N[1], of initial uniform steps A¢[1] for [0, T],

3. an integer number, M, of uniform subdivisions of each refined time
step, and

4. anumber, sy, in (2.19) and a rough estimate of ¢ in (2.22) to compute
S using (2.23).

Set the iteration number & to 0.

Step I. Increment the itEration number kby 1.Forn =1, ..., N[k],compute
the approximation X (¢,) of (1.2) using a p-th order accurate numerical
method (2.1), and to obtain the local error, compute the approximate local

exact solution X (1,) of (2.5) using a higher accuracy than for X(t,). Com-
pute the approximation of the local error e(z,) by (2.7) and the approx-
imate weight W(t,), forn = N[k], ..., 1, using the p-th order accurate
method (2.2).

Step II. If (a local roundoff error condition, (2.25) or (2.26) in [28], holds)
then terminate the program due to too large roundoff error

elseif < max 7;[k] < SiIOL
lgigN[k]rl[ 1= "~

) then stop the program
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else
do for all time stepsi =1, ..., N[k]
TOL
if (F,- (k] > s, N[k]) then
At; [k]
Atk +1] = Y ti1lk] <t < 1[k],
else
Atk + 1] = Aglk],  tiq[k] <t < 1[k],
endif
enddo
go to Step L.
endif

2.6 Decreasing tolerance

This subsection studies an adaptive algorithm allowing the tolerance to de-
crease slightly as the mesh is refined. The decreasing tolerance is motivated
by efficiency — the efficiency of the algorithm depends on the total work in-
cluding all refinement levels. If the number of elements in each refinement
iteration increases only very slowly, the total work becomes proportional to
the product of the number of steps in the finest mesh times the number of re-
finement levels. The condition (2.15) shows that the number of refined levels,
J, satisfies

(2.38) min At = M~/ T/N[1] = O(TOL'?).

A relation min At = O(TOL?), « > 0, still holds for many singular densi-
ties, as in Example 3.2. Therefore, J = (’)(% log(TOL™!)) ~ log N, so that
the total number of steps for the algorithm (2.18-2.20) would be essentially
bounded by

(2.39) NlogN.
A more efficient refinement algorithm is obtained by successively decreasing
the tolerance, TOL[k + 1] < TOLJk], in each refinement so that
(2.40) NIk] <c<l
. ———— <<
Nlk+1]

always holds. The condition (2.40) would imply that the total number of steps
satisfy

J
(2.41) > NIkl < N1
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Therefore, a slightly decreasing tolerance may be more efficient than a con-
stant tolerance, which yields the total work (2.39). Including the assumption

TOLI[k]

and replacing ¢ by ¢’c in (2.23) directly generalizes Theorems 2.1, 2.4 and
2.5 to slightly varying tolerance, where TOL in (2.32) and (2.37) then de-
notes the final stopping tolerance. However, an unattractive consequence of
varying tolerance is that the stopping tolerance becomes a priori uncertain,
see Remark 2.6 and Theorem 2.7.

Remark 2.6 A decreasing tolerance is useful if there are few steps with their
error indicators, 7;, in the set (s; TOL/N, 0o). To include a decreasing toler-
ance, modify the algorithm by adding the command “Set V = 0” in the end
of Step I and replace the statement “go to Step I”” after enddo in the end of
Step 11 by:

if (N[k]/N[k+ 1] > ¢ &V = 0), then

TOL = TOL[k](1 — &7=1), V=1 and go to Step II,
else

go to Step L.
endif

Include in the initialization also a choice of the factor ¢ to increase the number
of steps in (2.40).

Assume that the set (¢s;TOL/N, s;TOL/N] contains a fraction ¢”N of
the steps, where M~? < ¢’ < 1; for instance, if the error indicators, 7;, are
uniformly distributed in [0, s; TOL/N], with a neghglble part outs1de of this

"o
set, there holds ¢ l—c which yields ¢ = e ,,(M 5 = 5 C)(M 5 and

in the algorithm. A refinement approximately maps

motivates ¢’ = 1 —
the set

Mfl

(¢s;TOL/N, s;TOL/N]
to

(c’s;TOL/(NMP*1), sy TOL/(NMP+h)].

Then the next refinement continues with essentially a similar distribution of
the error indicators, provided ¢’ is not too small. When the algorithm stops,
the final tolerance satisfies

[log ']
(Llogely

TOL[0] > TOL[J] > TOL[0](¢")’ = TOL'+?

which for ¢’ close to 1 is only a slight change. O
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Let us now show that the total number of steps can be bounded by a con-
stant times the number of steps in the finest mesh, in the case of decreasing
tolerance. The proof uses that the tolerance decreases sufficiently, which sim-
plifies the analysis. A more refined study, with less demanding assumptions
on the tolerance, following the idea in Remark 2.6 would need deeper under-
standing of the distribution of the error indicators 7;. In contrast to the basic
Theorems 2.1, 2.4 and 2.5, the following result has the drawback that it uses
a uniform bound in (2.22) which yields a condition, on ¢/, that in practice can
be too restrictive although it seems reasonable for very small tolerances. The
proof is also more complicated and less natural than the previous proofs.

Theorem 2.7 The total number of steps satisfies the bound

J

Y NIkl = O(NLJD),

k=1

for a variant of MSTZ where all levels have decreasing tolerance
TOL[k + 1] = TOL[k]c

satisfying 0 < ¢’ < ¢, provided all initial steps are divided, S1 > siM/(cc’)
and (2.22) holds uniformly for all time steps.

Proof. Let s, = sic/(c’MPTY) and NVglk] = {i : s, TOL[k]/N[k] < Fi[k] <
s1TOL[k]/N[k]}. We shall first show that mikn(f,, N/TOL)[k] > s,. Assume

first that min,, 7,,[k] > s, TOL/N[k], then all time steps are divided on level
k + 1 and by (2.22)

Ptk + 11 = (pa | AtPH [k + 1]
At (t,)P k]

> clp ()l =y

= P IK]
cs1TOL[k]

> e —
MPHIN[k]
therefore

cs1TOL[k + 1]
I MPHIN[k + 1]
s TOL[k + 1]
~ Nlk+1]

minr, [k + 1] >
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Then if n € Ny[k] the time step At, is not divided on level k + 1 so that

ralk + 11 = ¢ rulk]
> ¢ s, TOL[k]/N[k]

> g s> TOL[k + 1]/N[k + 1]
> s, TOL[k + 1]/N[k + 1].

Therefore we conclude, by induction, that the error indicators satisfy

in (20) 161 =
min .
nk \TOL ) " =2

The next step is show that at most m consecutive levels can have the slow
increase N[k]/N[k+ 1] > c. This will imply that the total number of steps is
bounded by a constant times the final number of steps. Assume the contrary
that

N[k
L&] ¢, k=K,....,K+m,

(2.43) — >,
N[k +1]

where m and ¢ satisfy

NNm
(2.44) " _ 52
C S1
(2.45) 1 <&t < mlV/omt+h,

and let No[k] = #Ny[k] and N, = N — N,. The condition (2.43) and
Nlk + 11 = Nolk] + M N [k]
show that the number of divided steps, N.[k], satisfies
~—1

1
(2.46) N.Ik] < CM

NIk].

The tolerance decreases, so that after m levels the dividing barrier is
siTOL[K + m]/N[K + m] < (¢')"s;TOL[K]/N[K].

All elements in Ny[ K] must have been divided after m levels, since if they
have not all been divided some error indicators are larger than cs;TOL[K ]/
N[K] and condition (2.44) gives the contradiction

TOL[K +m]
Si——————— < (¢")"s
N[K + m]

TOL[K] TOL[K]
< CS .
N[K] N[K]
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Dividing of all steps in NVy[K] shows that No[ K] must be smaller than the
sum of divided steps

(2.47) No[K1 <) " NLIK + /]
j=1

which also leads to a contradiction, since by (2.46)

M —c!
No[K] = N[K]— N.[K] > —NI[K]
M -1
and by combining (2.46) and (2.43)
c -
N [K j N[K j
+K+jl < 5= NIK + ]
E_l_l“lN[K+' 1]
< —_—
M—1° /
¢l —1__.
< ¢ /N[K],
M —1

so that by the assumption (2.45)

- M — ¢!
which contradicts (2.47). Hence, the number of consecutive levels, where
N[k]/N[k + 1] > ¢, must be smaller than m 4 1 and therefore

J
yovi = 2 oy,
k=1

1—c¢

2.7 Remarks

We end this section with four remarks on adaptive dividing and merging of
steps, individual At¢ for each component of the solution, the statement of
Bakhvalov and Smolyak’s theorem discussed on the introduction, and Besov
spaces for adaptive integration.

Remark 2.8 The work [25] generalizes the present algorithm based only on
dividing to also include merging of steps. These two adaptive algorithms
perform similarly and analogous theoretical results are proved. A theoretical
advantage without merging is that stopping requires (2.22) only at the max-
imal error indicator on each level and that fewer parameters are used. The
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dividing-merging adaptive algorithm takes the form: fori = 1,2, ..., N[k]

let
7ilk] = |5:[k11 (AL kD) P!

TOL
) then
N

divide At;[k] into M uniform substeps,

and

if (F,-[k] > 51

OL
elseif max (7;[k], rip([k]) < 52 N then

merge At;[k] and At;[k] into one step
and increase i by 1,
else let the new step be the same as the old.
endif

With this the dividing and merging strategy it is natural to use the following
stopping criteria:

e TOL
if (ri[k]SS]T, Vi =l,...,N) and

o TOL
(max(ri[k]vri-l—l[k]) ZSZT7 Vi= 1’3N_1)
then stop.

Here 0 < §; < s, < 51 < S| are given constant determined more precisely
in [25]. o

Remark 2.9 Here the time steps are chosen to be the same for all components
of the solution. Logg [23] uses the more efficient and flexible choice of in-
dependent steps for each component of the solution. The error estimate (2.8)
would also be applicable to such multi adaptive time steps Az, ; by replacing

+1 . +1 - +1
At}f Pn With Zn Zi At,ﬁ,‘ Pn.i» Where p, ; = ei(tn)\pi(tn)/At:,l‘ . o

Remark 2.10 The discussion on the non convex sets (1.6) in the introduction
is inspired by the work [30], which includes an elegant proof of Bakhvalov
and Smolyak’s result following [4]: assume that F is a convex symmetric
subset of a normed linear function space and that S : 7 — R is a linear
functional with an approximation Sy (f) = ¢ (L1(f), ..., Ly(f)), based on
N linear functionals L; : F — R, which may depend on f € F, and a
linear or nonlinear mapping ¢ : RY — R. Let the worst case error for Sy be
defined by

Amax(Sy) = sup [S(f) — Sn (),
feF
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and assume that Sy uses the linear functionals {L,? ,?’:1 for f =0 € F.Then
there exists a = (ay, ..., ay) € R" and a linear non-adaptive method

N
Sy =D aL{(f),
k=1

such that
Amax(S;t]) = Amax(SN)-

As an illustrative example consider the computation of integrals S(f) =
fol f(t)dt with the approximation Sy ( f) based on N point values L;(f) =
f(tx) at mesh points #;, k = 1, ..., N. The method is adaptive if #; depends
on f and non adaptive otherwise. O

Remark 2.11 Let us consider integration of a function by the first order ac-
curate Euler method. Then the integration error is the same as the L' ap-
proximation error by piecewise constant functions. DeVore points out in [10]
that this L' approximation error of a function f, with N non-adaptive steps,
is O(N~) provided f belongs to the Besov space B (L'[0, T]), a < 1.
With N adaptive steps the error is O(N %) provided f belongs to the Besov
space Bg‘;(LV[O, T)), o' <1, forsome y > (o' + 1)~!'. For &’ — 1—, this

explains that adaptive integration is better when ||f’||L%(0 y << I f'lLr 0.1y

cf. (2.35), (2.36). m|

3 Numerical experiments

This section presents numerical experiments with the adaptive algorithm
MSTZ in Section 2, using the MATLAB version 5.3 software package, cf.
[19]. To study its performance, we choose the Lorenz problem and a prob-
lem with a singularity and we compare the results to the adaptive algorithm
ODE45 in MATLAB and to a constant step size algorithm, denoted Uniform.
In particular, we study the quality of the error estimate, by comparing the ratio
between the exact error and the approximate error in (2.16), defined by

|Er|
1g(X(T)) — g(X(T))|

We also compare the final number of time steps, Ny = N[J], and the total
number of time steps, defined by

(3.1) r

J
(32) N“ =Y NIk,
k=1
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5 10 15 20 25 30
TIME

Fig. 3.1. Example 3.1: Approximate X|-component from MSTZ with TOL = 10!

where J is the total number of refinement levels of MSTZ. Similarly, the total
number of steps, N, for Uniform is the total sum of the numbers of steps
increasing a factor of 2 on each level, from the same initial number of step
N[1], until Error < TOL. Finally, the N** for ODE45 is the total sum of
the numbers of steps with TOL decreasing a factor of 10, from the same TOL
as MSTZ, until Error < TOL.

We initialize MSTZ by setting s; = 21in (2.19), §| = 2Ms; by (2.23), and
M =2.

Example 3.1 Consider the well-known Lorenz system, which is the three
dimensional system of ordinary differential equations,

a(t,x) = —ox; + oxy,
3.3) at,x)=rx;—x»—x1x3, 0<t<T, xeR

az(t,x) = x1xp — bxz
where o , r and b are given positive constants.

The Lorenz system was introduced to show the limitation of large time
prediction for a simplified model of weather forecast, see [24] and Figure
3.1. In our experiments, the coefficient values are 0 = 10, b = 8/3 and
r = 28 and the initial value is X (0) = (1, 0, 0), cf. [7] and [16]. The com-
puted function is g(x) = xi, i.e., we study the global error | X (T) — X, (D)
at the final time 7 = 30. A reference computation with a Fortran im-
plementation of MSTZ in quadruple precision gives the approximate value
X1(30) ~ —3.892637 = g, with TOL = 10~".

ODEA45 is based on an explicit Runge-Kutta (5,4) formula, the Dormand-
Prince pair, see [11]. In order to compare with ODE4 5, the program MSTZ also
uses the same 5-th order explicit Runge-Kutta method to compute X (,41),
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10°

[— MSTZ (TOL: 107 \

10

LU L1

P 3
B0
=
107
107 :
107
10 ‘ ‘ 0 02 0.4 0.6
0 5 10 15 20 25 30
TIME
107" ;
— ODE45 (TOL=10") |
107

5 0 0.2 0.4 0.6
10 Il Il Il Il Il

15 20 25 30
TIME

Fig. 3.2. Example 3.1: Comparison of the mesh functions of MSTZ and ODE45. The
minimum value of At of MSTZ is 0.0016 which is 22 times larger than the minimum of
ODE45

W(t,) and 7(tn+1). The approximate local “exact” solution X is computed
with the half mesh size, i.e., y = 23/(2°> — 1) in (2.7). The program Uni -
form uses a constant step size, At = constant, based on the same 5-th
order explicit Runge-Kutta method. Table 1 and Figure 3.2 show that the
algorithm MSTZ achieves higher accuracy with around half the final number
of time steps compared to Uniform and with one fifth of the final number
of steps compared to ODE4 5. The total number of steps for ODE4 5 is around
four times the total number of steps of MSTZ, including all 7 and 8 refine-
ment levels with N[1] = 300. Table 1 also shows the difference between the
tolerance parameter TOL in MSTZ and the parameter TOL in ODE45: TOL
measures the global error, while TOL measures a combination of the relative
local error and absolute local error.
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Table 1. Example 3.1: Comparisons of the final number of steps, N ¢, and the total num-
ber of steps, N, with the global error, Error = |g; — g(X(T))|, using a 5-th order
explicit Runge-Kutta method with adaptive steps for MSTZ or ODE45 and uniform steps
for Uniform

Tolerance Error Ny A

MSTZ TOL = 10-!  0.01 6000 20000
TOL = 1072 0.003 9000 34000

Uniform TOL = 10! 0.06 10000 19000
TOL = 1072 0.002 19000 38000

ODE45 ToL= 1019 0.04 34000 92000

ToL=10"'"  0.004 53000 144000
10°
10°; IR
> AN -7
F) \\\ /’,’
510" Tyl
©
S
= 3
gm 3 - max(c’1)
el — weighted average ¢!
S0t - ¢ at max(r)
2
'_
10"} R
‘—_—“-0-____ ”,/’ \\\\
. -
10°

The refinement level

Fig. 3.3. Example 3.1: Comparison between max ¢!, the c~! for the step with maximal

error indicator and the weighted average | 2] 1 /||pll 1 . We see that the last two are
¢ L p+I Lp+T

!is very large, which motivates the assumptions in the theorems

close to 1, while max ¢~

The function c defined by (2.22) is used in the assumptions of all theorems.
Figure 3.3 motives our effort to not only base the assumptions on max ¢!,
which can be very large. The assumptions based on the ¢! for the step with

maximal error indicator and the weighted average ||§|| . /ol give
L? L

1
=i
better estimates, since these measures of ¢! are close to 1.

Example 3.2 Consider (1.2) with
X

3.4 at,x) = —, 0=<t<T, xeR
It — ol

where w € [0, T'] is a constant, and let g(x) = x and X(0) = e 2V®_ The
exact solution is then X (r) = e*i&n(—«) 2vii—ol
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25

201

0 0.5 1 15 25 3 3.5 4

2
TIME
10°
10* Y E
107 4
&
L 10°F
%}
w
= 40°
107
1077
10’“ L L L L L L
0 05 1 15 2 25 3 35 4
TIME

Fig. 3.4. Example 3.2: Approximate solution (up) and mesh function (down) of MSTZ
using a 5-th order explicit Runge-Kutta method with TOL = 10~* and w = 5/3

The function a in (3.2) has a singularity at t = . The corresponding
error density (2.10), p, = p for a p-th order method, satisfies || p,[|,1 = 00
for p > 1 and interpolation between the first order p; and the zero order
po = a shows ||p,ll.1 < oo for p < 1/2, so that by (2.36) the number of
uniform steps becomes N™ ~ TOL 2. In contrast, the convergence rate for
adaptive approximation remains by (2.35) optimal N = O(TOL~!/?), since

||,0,,||L# < oofor p > 0.

Consider the case @ = 5/3 with T = 4, N[1] = 2° and TOL =
10!, 1074, Table 2 and Figure 3.4 show that MSTZ and ODE45 are much
more efficient than Uniform, as expected.

Figure 3.5 compares stopping by (2.20) and the alternative |[Et| < TOL.
In general, the condition |Er| < TOL stops the program earlier than with
the stopping condition (2.20) and sometimes this yields a less accurate error
estimate as in Figure 3.5.

Remark 3.3 If a time node, say t,,4], hits the singularity at ¢t = w, the ap-
proximation X (#,;) becomes an infinite number. A remedy for this is to
change the time steps, i.e t,, := t,, + « and t,,4| := t,,1 + B where o and
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— maxr_ <S*TOL/N
0.5 n 1 4
E.<TOL
- T
o ‘
107° 107 E‘a 107 10™

Fig. 3.5. Example 3.2: The ratio of the approximate and exact error, I', converges to 1
as TOL — 0+ with the stopping condition (2.20), while I" does not converge to 1 with
the alternative stopping condition |[Er| < TOL. In general the condition |Et| < TOL stops
the program earlier and for some examples the error ratio I' is not as accurate as with the
condition (2.20)

Table 2. Example 3.2: Comparisons of the final number of steps, N, and the total num-
ber of steps, N, with the global error, Error = |X(T) — X(T)|, using a 5-th order
explicit Runge-Kutta method with adaptive steps for MSTZ or ODE45 and uniform steps
for Uniform. Adaptive approximation is more efficient for this singularity

Tolerance Error Ny N©
MSTZ TOL = 10! 0.02 50 820
TOL = 10~% 2.6 x 1073 130 3880
Uniform TOL = 10"! 0.06 130000 260000
0.015 2100000 4200000
ODE45 TOL= 1073 0.02 210 480
TOL= 108 4.8 x 107° 710 1800

are sufficiently small numbers, e.g. At,,/M, and then recompute X (,,) and
X (ty41). Using this technique, we solve Example 3.2 forw = 1 and T = 4
and we get |g(X(T)) — g(Y(T))| = 1.3065 x 10~* with 113 final time steps
and 2567 total time steps using a 5-th order explicit Runge-Kutta method and
TOL = 1073, N[1] = 40. O

Remark 3.4 The algorithm MSTZ does not use the sign of the error density.
Therefore the computational error, Er = Z,N: ] ,5,-Atl.p 1 in (2.16) could be
much smaller than TOL > (1/8) YN, |5:|At”*", when it stops. Table 3
compares the quantities I' in (3.1) and T = |Z?’:1 |;3i|Atf’+1|/|g(X(T))
— g(X(T))| for the Examples 3.1 and 3.2. Figure 3.6 shows the error indica-
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Table 3. Example 3.1 and 3.2: Comparisons of the ratio, I" and T, between the exact error
and the approximate error using error density, p and |p| respectively, for MSTZ

Lorenz (Example 3.1)  Singularity (Example 3.2)

Tolerance 107! 1072 107! 10~4
r 0.991 0.997 1.325 2.31
T 1.707 1.220 1.325 2.66

x 10

o

|
oU‘I

Error(p*A t**1)
o

(4]

|
(5]

O
i~
o\
&
(92}
5
)
s
=t
-
(9}
n
<)
N
(62}
w
o

Weight ¢1)
T

IN

e,

Local error
o N
(IJ'| =2
n
B~
(]
©
>

|
N

10 15 20 25 30
TIME

o
o

Fig. 3.6. Example 3.1: The error indicators and the first component of the weights and
the local errors from MSTZ with TOL = 10~!. The other two components have a similar
behavior. Note that the local errors and the weights oscillate, but their product does not
give a significant error cancellation, see Table 3

tors and the first component of the weights and the local errors in Example 3.1.

We observe that the cancellation of the error in ZfV: | piAAt] + only yields

a factor of two reduction compared to ZlN:1 | oi IAtl.p *1 Therefore the time

steps determined by the error bound ZZNZ L 1pilAt? + ignoring the sign and
the cancellation of the error, are also almost optimal taking cancellation into
account, for these two examples. The cancellation of the error is very im-
portant for Itd stochastic differential equations. In [33] we use properties of
Brownian motion to derive an error density which takes cancellation into
account. O
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