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ABSTRACT

This thesis concerns the Automation of Computational Mathematical
Modeling (CMM), involving the key steps of automation of (i) discretiza-
tion, (ii) discrete solution, (iii) error control, (iv) modeling, and (v) opti-
mization.

The automation of (i)—(ii) is realized through multi-adaptive Galerkin
methods on general discretizations of space-time with time steps variable
in space. The automation of (iii) is realized through a posteriori error
estimation based on residuals of computed solutions and stability factors
or stability weights obtained by the solution of associated dual problems.
The automation of (iv) is studied in a model case, while that of (v) is
reduced to an application of (i)—(iv).

An open-source software system for the Automation of Computational
Mathematical Modeling is developed and implemented, based on general
order multi-adaptive Galerkin methods, including automatic evaluation of
variational forms, automatic discrete solution, automatic generation and
solution of dual problems, and automatic model reduction.

Keywords: Computational mathematical modeling, automation, adaptivity, multi-
adaptivity, individual time steps, dual problem, a priori, a posteriori, model re-
duction.
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below, and the source code included on the compact disc.
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And now that we may give final praise to the machine we may
say that it will be desirable to all who are engaged in compu-
tations which, it is well known, are the managers of financial
affairs, the administrators of others’ estates, merchants, survey-
ors, geographers, navigators, astronomers. .. For it is unworthy
of excellent men to lose hours like slaves in the labor of cal-
culations which could safely be relegated to anyone else if the
machine were used.

Gottiried Wilhelm Leibniz (1646-1716)




INTRODUCTION

Computational Mathematical Modeling (CMM) can be viewed as the
modern manifestation of the basic principle of the natural sciences: formu-
lating equations (modeling) and solving equations (computation).

Models of nature are often expressed as differential equations of the
canonical form

0= f(u) 1)

on a given domain in space—time, stating that the rate of change u of
the solution wu is given by f(u) depending on u and space derivatives of
u. Famous models of nature of the form (1) include the Navier-Stokes
equations of fluid dynamics, Maxwell’s equations of electromagnetics, and
the Schrédinger equation of quantum mechanics.

Until recently, it has not been possible to solve differential equations
in any generality. In particular, using classical analytic methods, solutions
are only available in a few special cases. A prime example is the n-body
problem; the general solution of the n-body problem was given by Newton
for n = 2 [52], but no one has been able to find the general solution of the
n-body problem for n = 3.

The situation has changed with the arrival of the modern computer.
Using a computer, the solution of the three-body problem can be obtained
in fractions of a second. Computational simulation of real world phenom-
ena is becoming possible for the first time. Thus, the advancement of CMM
opens new possibilities for our understanding of nature, by making possi-
ble the detailed study of complex phenomena, such as turbulence in fluid
motion and the stability of our solar system.

The Principles of Automation

The modern industrial society is based on automated mass-production of
material goods, such as food, clothes, cars, and computers. The emerging
information society is based on automated mass-processing of information
by computers. An important part of this process concerns the Automation
of Computational Mathematical Modeling, which is the topic of this thesis.

An automatic system carries out a well-defined task without interven-
tion from the person or system actuating the automatic process. The task
of the automatic system may be formulated as follows: For given input
satisfying a fixed set of conditions (the input conditions), produce output
satisfying a given set of conditions (the output conditions).

An automatic process is defined by an algorithm, consisting of a se-
quential list of instructions (like a computer program). In automated man-
ufacturing, each step of the algorithm operates on and transforms physical
material. Correspondingly, an algorithm for the Automation of CMM op-
erates on digits and consists of the automated transformation of digital
information.

A key problem of automation is the design of a feed-back control, al-
lowing the given output conditions to be satisfied under variable input and
external conditions, ideally at a minimal cost. Feed-back control is real-
ized through measurement, evaluation, and action; a quantity relating to
the given set of conditions to be satisfied by the output is measured, the
measured quantity is evaluated to determine if the output conditions are
satisfied or if an adjustment is necessary, in which case some action is taken
to make the necessary adjustments. In the context of an algorithm for feed-
back control, we refer to the evaluation of the set of output conditions as
the stopping criterion, and to the action as the modification strategy.

A key step in the automation of a complex process is modularization,
i.e., the hierarchical organization of the complex process into components
or subprocesses. Each subprocess may then itself be automated, including
feed-back control. We may also express this as abstraction, i.e., the distinc-
tion between the properties of a component (its purpose) and the internal
workings of the component (its realization).

Modularization (or abstraction) is central in all engineering and makes
it possible to build complex systems by connecting together components or
subsystems without concern for the internal workings of each subsystem.

We thus identify the following basic principles of automation: algo-
rithms, feed-back control, and modularization.

The Automation of Computational Mathematical Modeling

In automated manufacturing, the task of the automatic system is to produce
a certain product (the output) from a given piece of material (the input),
with the product satisfying some measure of quality (the output conditions).
In the Automation of CMM, the input is a given model of the form (1) and
the output is a discrete solution U ~ u satisfying some measure of quality.
Typically, the measure of quality is given in the form of a tolerance TOL > 0
for the size of the error e = U — u in a suitable norm:

[lell < TOL. 2

The key problem for the Automation of CMM is thus the design of a
feed-back control for the automatic construction of a discrete solution U,
satisfying the output condition (2) at minimal cost.



The design of this feed-back control is based on the solution of an asso-
ciated dual problem, connecting the size of the residual R(U) = U — f(U)
of the computed discrete solution to the size of the error e, and thus to the
output condition (2). The solution of the dual problem is also the key to
the realization of an automatic system for the construction of the discrete
solution U at minimal cost. We return to this in detail below.

Following our previous discussion on modularization as a basic principle
of automation, we identify the key steps in the Automation of CMM. These
key steps concern the automation of

(i) discretization;
(ii) discrete solution;
(iii) error control;
(iv) modeling;

(v) optimization.

The automation of discretization means the automatic translation of a
continuous model of the form (1) to a discrete model, that can be solved
on a computer to obtain a discrete solution of (1).

The automation of discrete solution means the automatic choice of an
appropriate algorithm for the solution of the discrete system of equations
obtained from the automatic discretization of (1).

The automation of error control means that the resolution of the dis-
crete model is automatically chosen to produce a discrete solution satisfying
a given accuracy requirement with minimal work. This includes an aspect
of reliability (the error of the computed solution should be less than a given
tolerance), and an aspect of efficiency (the solution should be computed
with minimal work).

The automation of modeling concerns the process of automatically find-
ing the optimal parameters describing the model (1); either to find the
model from a given set of data or to construct from a given model a re-
duced model for the variation of the solution on resolvable scales.

The automation of optimization relies on the automation of (i)—(iv),
with the solution of the primal problem (1) and an associated dual prob-
lem being the key steps in the minimization of a given cost functional. In
particular, the automation of optimization relies on the automatic genera-
tion of the dual problem.

We return to (i)—(v) below. In all cases, feed-back control, or adaptivity,
plays a key role.

The Realization of the Automation of CMM

The Automation of CMM includes its own realization, i.e., a software sys-
tem implementing the automation of (i)~(v). This is the goal of the FENICS
project, recently initiated in cooperation between Chalmers University of
Technology and the University of Chicago [12]. The necessary prerequisites
for this venture are now available, including the mathematical methodology,
the modern computer, and modern tools of computer science.

FENICS is based on the open-source computational platform DOLFIN
[31, 33], developed at the Dept. of Computational Mathematics at Chalmers,
currently working as a prototype implementation of FENICS. We discuss
the current status of DOLFIN below in Section 6.

FENICS also includes a minimal and educational implementation of the
basic tools for the Automation of CMM, called Puffin. Puffin is used in
a number of courses at Chalmers, ranging from introductory undergradu-
ate courses to advanced undergraduate/beginning graduate courses, and is
discussed in more detail below in Section 7.

DOLFIN and Puffin constitute an essential part of this thesis.

Figure 1: Solution of the equation @ + b - Vu — V - (aVu) = 0, modeling
convection—diffusion around a hot dolphin.



1 The Automation of Discretization

The automation of discretization is based on Galerkin’s method, providing
a general framework for the discretization of differential equations.

In its basic form, Galerkin’s method for (1) is given by specifying a
pair of finite-dimensional subspaces (V, V) and then formulating a discrete
version of (1) for functions in the trial space V by testing (1) against all

functions in the test space V. The discrete version of (1) takes the form:
Find U € V, such that

(U,’U) =(f,v) Ywe V7 (3)

where (+,-) is an inner product for functions on a domain Q x (0,77 in
space-time.

Galerkin’s method was originally formulated with global polynomial
subspaces (V,V) [4] and goes back to the variational principles of Leib-
niz, Euler, Lagrange, Dirichlet, Hamilton, Castigliano [6], Rayleigh, and
Ritz [56]. Galerkin’s method with piecewise polynomial subspaces (V, V)
is known as the finite element method. The finite element method was
introduced by engineers for structural analysis in the 1950s and was inde-
pendently proposed by Courant in 1943 [7]. The exploitation of the finite el-
ement method among engineers and mathematicians exploded in the 1960s.
General references include [61, 54, 58, 13, 14, 19, 20, 18, 21, 22, 23, 2].

The Galerkin finite element method thus provides the basic tool for
the automatic discretization of (1). The discrete model (3) represents a
discrete system of (possibly nonlinear) equations. An important step in
the Automation of CMM is thus the automated solution of these discrete
equations, as discussed below in Section 2.

To automate this process, a language must be specified in which models
of the general form (1) can be expressed and interpreted by a computer.
With automatic discretization based on the Galerkin finite element method,
it is convenient to specify models in the language of variational forms cor-
responding to (3). Both DOLFIN and Puffin implement this language, as
discussed below. This allows a model to be specified in a notation which
is close to the mathematical notation of (3). Furthermore, to complete the
automation of discretization, an additional translation is necessary from a
model given in the (strong) form (1) to a model given in the (weak) form
(3).

With the automation of discretization made possible through the au-
tomation of the Galerkin finite element method, a necessary ingredient is
the automatic generation of finite elements. Recent work [55] makes it
possible to automatically generate a finite element, as defined in [54, 58],
satisfying a given set of properties. New finite elements may thus be added

to a software system by just giving their definition. Another advantage is
that by automating the generation of finite elements, it becomes easier to
guarantee the correctness of the implementation, since the implementation
is common for all types of finite elements. In addition, the finite elements
may be chosen adaptively by feed-back from computation.

To give a concrete example of the automatic translation of (1) to a
discrete model of the form (3), we consider the ¢G(1) finite element method
in its basic form, and return below to the general multi-adaptive methods
mcG(g) and mdG(g). We shall further assume that the model (1) takes
the form of an initial value problem for a system of ordinary differential
equations,

u(t) = f(u(t),t), te(0,T],

u(0) = uo, “)

where w : [0,T] — RY is the solution to be computed, uy € RY a given
initial value, T > 0 a given final time, and f : RY x (0,7] — RY a given
function that is Lipschitz-continuous in « and bounded.

To obtain the discrete version of (4), we construct the trial space V
and the test space V of (3) as follows. The time interval interval (0,7
is partitioned into M subintervals, 7 = {Ij}j-\il, with the length of each
subinterval I; = (t;_1,t;] given by the time step k; = t;—t;_;. As discussed
further below in Section 3, the partition 7 is automatically determined
by an adaptive algorithm with the goal of obtaining an optimal discrete
representation U of the exact solution u.

Based on the partition 7, the trial and test spaces are now defined as

follows:
V={velc(o,TH" : v, € [P'INN, j=1,...,M}, o)
V:{U:Uh] G[PO(IJ)]N*, j:l,,‘.,]\/f},

i.e., V represents the space of continuous and piecewise linear vector-valued
functions on the partition 7 and Vv represents the space of (possibly dis-
continuous) piecewise constant vector-valued functions on the partition 7.

Following the general formulation (3), the ¢G(1) method for (4) now
reads: Find U € V with U(0) = ug, such that

T T
/ (U,v)dt:/ (f(U,),v)dt YveV, (6)
0 0
where (-,-) denotes the inner product on RY.
From (6), it follows that the cG(1) solution can alternatively be defined

in terms of its nodal values, given by

U(t]-):U(tr]H/L.j FU@ A, j=1,..., M, @
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with U(0) = ug and where U(t) = U(tj—1) + (t —t;—1)(U(t;) = U(tj-1))/k;
on each interval ;. Note that (7) represents a (possibly nonlinear) system
of equations for the degrees of freedom of the discrete solution U.

Multi-Adaptive Galerkin

It is desirable, in short, that in things which do not primarily concern
others, individuality should assert itself.

John Stuart Mill (1806-1873), On Liberty (1859)

Standard methods for the discretization of (1) require that the temporal
resolution is constant in space at each given time ¢. In particular, the
¢G(1) method for (4) requires that the same time step k = k(t) is used
for all components U; = U;(t) of the solution U. This can be very costly
if the system exhibits multiple time scales of different magnitudes. If the
different time scales are localized in space, corresponding to a difference
in time scales between the different components of the solution U of (4),
efficient representation of the solution thus requires that this difference in
time scales is reflected in the choice of discrete representation (V, V) We
refer to the resulting methods, recently introduced in a series of papers [44,
45, 48, 49, 36], as multi-adaptive Galerkin methods. See also [40, 50, 35, 37].

~ -l

Figure 2: A simple mechanical system consisting of n = 5 particles exhibit-
ing multiple time scales.

Surprisingly, individual time-stepping (multi-adaptivity) has previously
received little attention in the large literature on numerical methods for
ODEs, see e.g. [8, 29, 30, 5, 60, 1], but has been used to some extent
for specific applications, including specialized integrators for the n-body
problem [51, 9, 59], and low-order methods for conservation laws [53, 38, 10].
Early attempts at individual time-stepping include [62, 63]. Recently, a new
class of related methods, known as asynchronous variational integrators
(AVI) with individual time steps, has been introduced [42].

To extend the standard ¢G(g) and dG(g) methods for (4), we modify
the trial space V' and the test space V to allow individual time steps for
each component. For ¢ = 1,..., N, the time interval (0,7] is partitioned

Figure 3: Local time steps in a multi-adaptive solution of the 2D heat
equation with a variable heat source localized to the center of the domain.

into M; subintervals, 7; = {Iij};&l, with the length of each subinterval
Iij = (tij—1,ti;] given by the local time step kij = t;; — t; j—1. The result-
ing individual elements {(Z;;,U;|r,;)} are arranged in time slabs, collecting
elements between common synchronized time levels {Tn}ﬁig, as shown in
Figure 4. As discussed in [35], the multi-adaptive algorithm consists of
two phases: the generation of time slabs and the solution of the discrete
equations on each time slab. We return to the iteration on time slabs below.

I

0 Pl T
Plig-1 by |
-
Tn—l Kn Tn

Figure 4: A sequence of M = 4 time slabs for a system of size N = 6.

For the multi-adaptive version of the standard ¢G(q) method, referred



Figure 5: A multi-adaptive solution with individual time steps for the three
different components.

to as the mcG(q) method, we define the trial and test spaces by

V={vele(0, 7NN v, € P9 (L), j=1,....M;, i=1,... N}
V={v:ivl, €P¥ L), j=1,...,M; i=1,..,N}
©))

In other words, V' denotes the space of continuous piecewise polynomials
of degree ¢ = ¢i(t) = ¢;j, t € I;;, and V denotes the space of (possibly
discontinuous) piecewise polynomials of degree ¢ — 1. This is illustrated in
Figure 5, showing the mcG(1) solution of a system with three components
with individual partitions for the different components. The trial and test
spaces for the multi-adaptive version of the standard dG(g) method, re-
ferred to as the mdG(g) method, are defined similarly with discontinuous
trial and test functions, see [44] or [48].

The mcG(g) method for (4) can now be defined as follows: Find U € V
with U(0) = ug, such that

T T
/(U,v) dt=/ (FU,),v) dt Vo eT. ©)
0 0

Rewriting (9) as a sequence of successive local problems for each component,

we obtain

/ Upwdt = | fi(U,)vdt Yve Pl—l(I), (10)
I Lij

for each local interval I;;. For the solution of the discrete system given
by (9), it is convenient to rewrite (10) in explicit form for the degrees of
freedom {@jm }27_ of the local polynomial Uj| I;;» corresponding to (7).
This explicit form of (10) is given by

xijm:x,-jﬁ/ w9 () F (U@, 1) dt, m=1,...,q;  (11)

ij

where {w,[;ll”]}fr';f:l C P4i=1([0,1]) is a set of polynomial weight functions
and T;j Maps Iij to (0, 1]: Tl‘j(t) = (t - ti,j—l)/(tij - ti,j—l)‘

An example of multi-adaptive time-stepping taken from [35] is presented
in Figure 6, showing the solution and multi-adaptive time steps for the
bistable equation (see [26, 57]),

i —eAu=u(l—u?) inQx(0,T],
Opu=0 on 0Q, (12)
u(-,0) =up inQ,

on the unit cube Q@ = (0,1) x (0,1) x (0,1) with 7" =100 and € = 0.0001.

2 The Automation of Discrete Solution

Depending on the model (1), the method used for the automatic discretiza-
tion of (1), and the choice of discrete representation (V, V), the solution of
the resulting discrete system of equations may require more or less work.

Traditionally, the solution of the discrete system is obtained by some
version of Newton’s method, with the linearized equations being solved
using direct methods based on Gaussian elimination, or iterative methods
such as the conjugate gradient method (CG) or GMRES in combination
with a suitable choice of problem-specific preconditioner.

Alternatively, direct fixed point iteration on the discrete equations (11)
may be used. The fixed point iteration takes the form

1

" = g(xn—l) — 1 (zn—l 7g(xn—1)) — xn—l _ F(Inil), (13)

for n = 1,2,..., converging to a unique solution of the equation F(z) =
2 — g(x) = 0 if the Lipschitz constant L, of g satisfies Ly < 1.

If the number of iterations remains small, fixed point iteration is a com-
petitive alternative to standard Newton iteration. It is also an attractive

10



Figure 6: Cross-section of solution (above) and multi-adaptive time steps
(below) at time ¢ = 10 for the bistable equation (12).

11

alternative for the iterative solution of the discrete equations on time slabs
in multi-adaptive methods, since it avoids the formation of large Jacobians
on time slabs. However, if the problem being solved is stiff, which is char-
acterized by a large Lipschitz constant L, > 1, simple fixed point iteration
may fail to converge.

In adaptive fized point iteration, the simple fixed point iteration (13) is
modified according to

" = (17 Oé).Tn_l +Oég(l’n_l) _ l,n—l _ OCF(.T”_l), (14)

with adaptively determined damping a : RY — RN. Tn [36], this idea is
explored for the iterative solution of the discrete equations on time slabs,
based on ideas for the adaptive stabilization of stiff systems presented in
[24], relying on the inherent property of the stiff problem itself: rapid
damping of high frequencies. The suitable damping « is automatically
determined in each iteration, which in particular means that a = I for a
non-stiff problem.

3 The Automation of Error Control

Ideally, an algorithm for the solution of (1) should have the following prop-
erties: Given a tolerance TOL > 0 and a functional L, the algorithm shall
produce a discrete solution U approximating the exact solution u of (1),
such that

(A) [Le)

< TOL, where e = U — u;
(B) the computational cost of obtaining the approximation U is minimal.

The functional L is typically chosen to represent the error e in some output
quantity of interest, for example the error in the drag coefficient of an object
such as a car or an airplane in a numerical flow simulation. Other natural
choices include L(e) = ||e(T)|| for a suitable choice of norm ||-|| for functions
on Q. Conditions (A) and (B) are satisfied by an adaptive algorithm, with
the construction of the discrete representation (V, V) based on feed-back
from the computed solution.

As discussed above, an adaptive algorithm typically involves a stopping
criterion, indicating that the size of the error is less than the given tolerance,
and a modification strategy to be applied if the stopping criterion is not
satisfied. Often, the stopping criterion and the modification strategy are
based on an a posteriori error estimate E > |L(e)|, estimating the error
e =U — u in terms of the residual R(U) = U — f(U) and the solution ¢ of
a continuous dual problem connecting to the stability of (1).

12



Alternatively, the stopping criterion and the modification strategy can
be based on an a priori error estimate involving the exact solution u of (1)
and the solution ® of a discrete dual problem.

To estimate the error, either a priori or a posteriori, knowledge of the
stability of the problem being solved is thus required. These stability prop-
erties are in general obtained by solving the dual problem of (1), which
takes the form

—¢ = (9f/0u)*, (15)

on 2 x [0,T), where (0f/0u)* denotes the adjoint of the derivative of f.
By computing the solution of the dual problem (15), the required stability
properties can be obtained e.g. in the form of a stability factor S(T),
typically involving derivatives of the dual solution,

T
S(T) = /0 169 dt. (16)

Error control thus requires some extra effort from the adaptive algorithm,
the solution of a dual problem in addition to the solution of the primal
problem (1), which in most cases is comparable to the effort of solving the
primal problem itself.

The Adaptive Algorithm

The basic adaptive algorithm for the solution of (1) can now be expressed
as follows:

1. Choose an initial discrete representation (V, V) for (1).

2. Solve the discrete problem (3) to obtain the discrete solution U ap-
proximating the exact solution u of (1).

3. Solve the dual problem (15) and compute the stability factor S(T").

4. Compute an error estimate E based on the residual R(U) and the
stability factor S(T).

. If E < TOL, then stop. If not, refine the discrete representation
(V,V) based on the residual R(U) and the stability factor S(T'), and
go back to 2.

wt

As a concrete example, we consider below the ¢G(1) method for the
basic model problem (4). We derive a priori and a posteriori error estimates
and indicate how these estimates fit into the basic adaptive algorithm,
following earlier work on adaptivity for the ¢G(g) and dG(g) methods [11,
39, 28, 27).

A Priori Error Estimates

To obtain an a priori error estimate for the discrete ¢G(1) solution U of
(4), the error e = U — u is represented in terms of a discrete dual solution
® and the residual of an interpolant 7u of the exact solution u of (4). The
a priori error estimate then follows by subtracting the residual of the exact
solution u in the representation of the error, together with an interpolation
estimate.

Assuming that the functional L can be expressed as

T
L(e) = (e(T), 1) + /0 (e,9) dt, (17)

for given dual data (1), g), the discrete dual problem of (6) takes the follow-
ing form: Find ® € V with ®(7'") = 1, such that

T T
/ (0,®)dt = / (J (7w, U, - )v, @) dt + L(v) (18)
0 J0

for all v € V with v(0) = 0, where J(7u,U,-) = fol Of Jou(smu + (1 —
s)U,-)ds. Integrating by parts, we note that (18) represents a Galerkin
method for (15), see [48] for details.

Letting wu denote the piecewise linear nodal interpolant of u, i.e.,
mu(t;) = u(t;) for j = 0,1,..., M, we note that e = U — 7u € V and so
if follows from (18), that L(e) = [ (é — J(wu,U, )&, ®)dt = [, (R(U,-) —
R(mu,-), ®)dt and thus that

T
L) = - /0 (R(ru,-), ®) dt, (19)

where we have used the Galerkin orthogonality (6), expressing that the
residual R(U,-) = U - f(U, -) is orthogonal to the test space V.

Subtracting the residual R(u,-) = @ — f(u,-) = 0 of the exact solution
u of (4) in the error representation (19), it now follows that

T
L(e) —/0 (R(mu,-) — R(u,-),®)dt

T T
- / (u— 1, ®) dt + / (Fru,) — flu, ), @) de (20)
0 0

T T
| = @) de = [ ru (s, 0) e,
0 0

since 7u interpolates u at each ¢; and ® is constant on each interval I;.
The a priori error estimate now follows by an interpolation estimate,

|L(@)| < CS(T)||K?il| Lo (0.17,12)- (21)
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where C' is an interpolation constant and the stability factor S(7") is given
by

T
S(T) = ./0 [T (ru, u, -)®||;, dt. (22)

Noting now that e = & at each node t;, it follows from the a priori error
estimate (21) that the c¢G(1) method is of second order in the time step
k. In general, the ¢cG(q) method is of order 2q, see [49]. Similarly, an a
priori error estimate can be obtained for the dG(g) method, showing that
the mdG(g) method is of order 2¢ + 1.

Note that the a priori error estimate (21) does in fact take the form
of a quantitative estimate, i.e., it involves computable quantities (if the
exact solution u is approximated with the discrete solution U), including
the stability factor S(7T") which may be obtained from a computed solution
of the discrete dual problem (18).

A Posteriori Error Estimates

To obtain an a posteriori error estimate for the discrete ¢G(1) solution U
of (4), the error is represented in terms of a continuous dual solution ¢ and
the residual of the discrete solution U. The a posteriori error estimate then
follows by subtracting an interpolant of the dual solution, together with an
interpolation estimate.

The continuous dual problem of (4) takes the form

_d)(t) =J(u,U,t)¢(t) +g(t), te[0,T),
O(T) = 1.
Noting that the dual solution ¢ of (23) satisfies (18) for all v such that
v(0) = 0 with J(mu,U,-) replaced by J(u,U,-), and thus in particular
for v = e, it follows that L(e) = fOT(é — J(u,U, e, ¢) dt = fOT(R(U,~) -
R(u,-), ) dt and thus that

T
1) = [ (R(U.).0) . (24)

Using the Galerkin orthogonality (6) to subtract a piecewise constant inter-
polant 7¢ of the dual solution ¢ in the error representation (24), we obtain
the following a posteriori error estimate for the ¢cG(1) method:

(23)

T
IL(e)] = /0 (R(U,),6 — ) dt| < CST) KRV, ooy (25)

where C' is an interpolation constant and the stability factor S(7') is given
by

T
S(T) = /0 1l d. (26)
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Note the similarities between the a priori error estimate (21) and the
a posteriori error estimate (25), and also the two stability factors S(T")
defined in (22) and (26), showing two sides of the same coin. In particular,
we note that by (6), the derivative U of the computed solution U is an
interpolant (the projection onto piecewise constants) of the right-hand side
f(U,-), and thus the residual R(U,-) = U — f(U,") satisfies an estimate of
the form [|KR(U, )|z 0.112) < CIR2FUs M Lo 0,110) ~ 128 Loy (0,77.0)-

We may now give concrete meaning to the adaptive algorithm discussed
above, which may be based either on the a priori error estimate (21) or the
a posteriori error estimate (25). Basing the adaptive algorithm on (25), the
error estimate F is given by

E = CSMD)|ERU, )| oo (f0,17,02)- (27)

This error estimate for the computed solution U is thus compared to the
given tolerance TOL and if £ > TOL, a better approximation U needs to
be computed, this time with smaller time steps. The new time steps are
determined adaptively from the error estimate (27), i.e., we take k = k(t)
such that

KRV, M Lo (15,12) = TOL/(CS(T)), (28)

for each interval I;. This process is then repeated until £ < TOL. Note
that several extensions to this simple strategy are possible. In particular, a
sharper error estimate F may be obtained directly from (24), as discussed
in [44], and stability weights may be used instead of stability factors.

The Stability Factor and the Dual Problem

The size of the stability factor S(T') varies with the model (1), the method
used for the automatic discretization of (1), and the chosen output quantity
of interest represented by the functional L. The presence of a large stability
factor indicates that the problem is sensitive to small perturbations, and
pertinent questions concern the predictability (influence of perturbations in
data and model) and the computability (influence of errors introduced by
the discretization) of a given model.

A common classification of partial differential equations uses the terms
elliptic, parabolic, and hyperbolic, with the prototype examples being Pois-
son’s equation, the heat equation, and the wave equation, respectively.
More generally, parabolic problems are often described in vague terms as
being dominated by diffusion, while hyperbolic problems are dominated by
convection in a setting of systems of convection-diffusion equations.

In the context of computational methods for a general class of models of
the form (1), the notion of parabolicity may be given a precise quantitative

16



definition. We define a model of the form (1) to be parabolic if computa-
tional solution is possible over long time without error accumulation, i.e.,
if the stability factor S(T') remains bounded and of moderate size as T'
increases. A more detailed discussion on this subject can be found in [25].
For a typical hyperbolic problem, the corresponding stability factor S(7°)
grows linearly in time, while for more general models the growth may be
polynomial or even exponential in time.

We consider two basic examples with very different stability properties;
the first one is a parabolic system of chemical reactions and the second one
is the Lorenz system which has an exponentially growing stability factor.

The first example is the following system of reaction—diffusion equations,
discussed in more detail in [57, 45]:

: _ 2
{1.11 —eAu; = —ujus, (29)
Uy — €Aug = ulug,

on © x (0,100] with Q = (0,1) x (0,0.25), € = 0.0001, and homogeneous
Neumann boundary conditions. With the initial conditions chosen to obtain
a reaction front moving through the domain €, the stability factor for the
computation of the solution at final time at a given point in  grows as
shown in Figure 7. We note that the stability factor peaks at the time
of active reaction, and that before and after the reaction front has swept
the region of observation, the stability factor S(T') is significantly smaller,
indicating parabolicity for large values of T'.
Our second example is the Lorenz system, given by

i = o(y—ux),
y = rex—y—az, (30)
2 = xy-—bz

with ¢ =10, b = 8/3, r = 28, and initial value (z(0),y(0),2(0)) = (1,0,0).
The solution u(t) = (x(t),y(t),2(t)), shown in Figure 8 for T' = 40, is
very sensitive to perturbations and is often said to be chaotic. With our
perspective, this is reflected by the rapid growth of the stability factor S(T),
as shown in Figure 9. The stability factor grows on the average as 10773,
which limits the computability of the Lorenz system to time 7" = 50 with
standard double precision arithmetic.

Multi-Adaptivity

The a priori and a posteriori error analysis presented above extends natu-
rally to the general multi-adaptive methods mcG(g) and mdG(g), as shown
in [44, 45, 48, 49]. In particular, we obtain a priori error estimates showing
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Figure 7: The growth of the stability factor S(7T") for the reaction front
problem (29).
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Figure 8: The solution of the Lorenz system (30) on the time interval [0, 40].
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Figure 9: The exponential growth of the stability factor S(7) connecting
to modeling/round-off errors for the Lorenz system (30).

that the mcG(g) and mdG(q) methods are of order 2¢ and 2g + 1 in the
local time step k;;, respectively.

The main challenge in the error analysis of multi-adaptive methods lies
in the proof of the a priori error estimates. As for the ¢G(1) method, we
obtain an error representation of the form (20). For ¢ > 1, the interpolant
7u is chosen to satisfy a set of ¢ — 1 projection conditions in addition to
interpolating u at each nodal point. It follows that we may subtract an
interpolant wJ*(7u,u,-)® of J*(7u,u,-)® in (20) to obtain an additional
q — 1 powers of k in the error estimate. Together with the ¢ + 1 powers
of k obtained from the interpolation estimate for the difference mu — u, we
thus obtain a total of 2q powers of k. However, since individual time steps
are used for the different components of the multi-adaptive discrete dual
solution @, the interpolation estimate for w.J*(wu,u, )® — J*(7u, u,-)® is
not straightforward. This interpolation estimate is proved in [46], based on
basic interpolation estimates for piecewise smooth functions proved in [47].

The individual multi-adaptive time steps are determined based on an a
posteriori error estimate of the form

N
1L(e)] < C Y~ SiT) K Ri(U, )| oc 0.1 (31)

=1
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corresponding to (25). Note that each component has an individual stability
factor S;(T'). The local time steps k;; are determined automatically based
on this posteriori error estimate, as discussed in detail in [45, 35].

4 The Automation of Modeling

The automation of modeling concerns both the problem of finding the pa-
rameters describing the model (1) from a given set of data (inverse model-
ing), and the automatic construction of a reduced model for the variation of
the solution on resolvable scales (model reduction). We here discuss briefly
the automation of model reduction.

In situations where the solution u of (1) varies on time scales of different
magnitudes, and these time scales are not localized in space, computation
of the solution may be very expensive, even with a multi-adaptive method.

To make computation feasible, we instead seek to compute an average u
of the solution u of (1) on resolvable scales. Typical examples include mete-
orological models for weather prediction, with fast time scales on the range
of seconds and slow time scales on the range of years, or protein folding
represented by a molecular dynamics model, with fast time scales on the
range of femtoseconds and slow time scales on the range of microseconds.

The automation of model reduction typically involves extrapolation
from resolvable scales, or the construction of a large-scale model from lo-
cal resolution of fine scales in time and space. In both cases, a large-scale
model for the average @ is constructed from the given model (1).

In the setting of the basic model problem (4), we thus seek to determine
a model (equation) for the average @ of u defined by

u(t) = 1 /T/2 u(t + s)ds, (32)

TJ-1/2

where 7 is the size of the average (with a suitable construction near t = 0
and t = T). The model for the average @ is obtained by taking the average
of (4):

u(t) =u(t) = fu,)(t) = f(a(t),t) + (f(u,)(t) = f(at),t),  (33)
u(t) = f(u(t),t) + g(u,1), (34)

where the variance g(u,t) = f(u,-)(t) — f(u(t),t) accounts for the effect of
small scales on resolvable scales.

The key step is now to model the variance g in terms of the average
@, i.e., to determine the subgrid model § such that g(u,t) ~ g(a(t),t) and
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replace (4) with the reduced model

ﬁ(t) = f(a(t),t) + g(a(t),t), te(0,T],
a(0) = ag.
The validity of the subgrid model may be estimated by computing the
modeling residual § — g and stability factors obtained from the solution of
the dual problem.

In [34], we explore this idea for a simple model problem by determining
the solution u(t) of (4), including fast time scales, accurately over a short
time period and then matching a model of the form g(@(t),t) based on the
computed solution.

(35)

5 The Automation of Optimization

With the automation of computation realized in the form of automated dis-
cretization, discrete solution, error control, and modeling, new possibilities
open for the automation of optimization.

In optimization, one seeks to determine the value of a control parameter
p which minimizes a given cost functional J (u, p), depending on the solution
u of the model (1), with the model depending on the control parameter p.
In the setting of the basic model problem (4), we thus seek to find the
control parameter p : [0, 7] — RM minimizing J (u, p), with u satisfying

u(t) = f(u(t),p(t),t), t€(0,T],
u(0) = uo.

The optimization problem can be formulated as the problem of finding
a stationary point of the associated Lagrangian,

which takes the form of a system of differential equations, involving the
primal and the dual problem, as well as an equation expressing stationarity
with respect to variation of control variables:
= f(u,p,"),
~4(t) = (8f /0u)*® — 0T JOu, (38)
0F/op = (0f/0p)"¢,
together with initial values u(0) = ug and ¢(T") = 0 for the primal and dual
problems, respectively. The optimization problem may thus be solved by
computational solution of a system of differential equations.
The automation of optimization thus relies on the automated solution

of both the primal problem (1) and the dual problem (15), including the
automatic generation of the dual problem.

(36)
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6 DOLFIN

DOLFIN is a platform for research and teaching in adaptive Galerkin finite
element methods developed by Hoffman and Logg, with help from a team
of graduate and undergraduate students at the Dept. of Computational
Mathematics at Chalmers. DOLFIN functions as the current prototype
implementation of FENICS, aiming ultimately at the Automation of CMM.

Currently implemented features of DOLFIN include the automatic eval-
uation of variational forms, automatic assembly of the discrete system
representing a given variational form (the automation of discretization),
adaptive mesh refinement in two and three space dimensions, a number
of algebraic solvers including preconditioners, multigrid, the ability to ex-
port a computed solution to a variety of visualization systems, a system for
easy integration of new solvers/modules for specific problems, and a multi-
adaptive ODE-solver with adaptive fixed point iteration for the solution
of the discrete equations on time slabs (the automation of discrete solu-
tion), automatic validation of solutions through automatically generated
dual problems (the automation of error control), and a basic implemen-
tation of the automatic generation of reduced models (the automation of
model reduction).

DOLFIN is implemented as a C++ library and can be used either as
a stand-alone solver, or as a tool for the development and implementation
of new methods. To simplify usage and emphasize structure, DOLFIN is
organized into three levels of abstraction, referred to as kernel level, mod-
ule level, and user level, as shown in Figure 10. Core features, such as
the automatic evaluation of variational forms and adaptive mesh refine-
ment, are implemented as basic tools at kernel level. At module level, new
solvers/modules can be assembled from these basic tools and integrated
into the system. At user level, a model of the form (1) is specified and
solved, either using one of the built-in solvers/modules or by direct usage
of the basic tools.

Automatic Evaluation of Variational Forms

Automatic evaluation of variational forms is implemented by operator over-
loading in C++, allowing simple specification of variational forms in a lan-
guage that is close to the mathematical notation. Performance is ensured
by automatic precomputation and tabulation of integrals, in combination
with special techniques to avoid object construction.

Consider as an example Poisson’s equation

—Au(z) = f(z), (39)
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Figure 10: Simplified component diagram showing the modularized struc-
ture of DOLFIN.

class Poisson : PDE
{
real lhs(ShapeFunction u, ShapeFunction v)
{
return (grad(u),grad(v)) * dx;
}
real rhs(ShapeFunction v)
{
return f*v * dx;
}
}

Table 1: Sketch of the specification of the variational formulation of Pois-
son’s equation in DOLFIN.

on some domain 2. Assuming homogeneous Dirichlet boundary conditions,
the variational (weak) formulation of (39) takes the form: Find u € H} (),
such that

/ (Vu, Vv)dz = / fodz Vv e H(Q). (40)
Q Q

The specification of (40) in DOLFIN is given in Table 1, and consist of
the specification of the two variational forms 1hs and rhs, representing the
left- and right-hand sides of (40), respectively.

Automatic Assembly

DOLFIN automatically assembles the discrete system representing a given
variational formulation, based on the automatic evaluation of variational
forms. This automates a large part of the implementation of a solver. In
the case of Poisson’s equation, the algorithm becomes particularly simple:
assemble the discrete system consisting of a matrix (the stiffness matriz)
and a vector (the load vector), and solve the linear system.

Automation of all parts of DOLFIN makes the implementation short,
simple and clear at all levels. In fact, the algorithm for the automatic
assembly is just a couple of lines, as shown in Table 2.

Adaptive Mesh Refinement

The concept of a mesh is central in the implementation of adaptive Galerkin
finite element methods for partial differential equations. Other important
concepts include nodes, cells, edges, faces, boundaries, and mesh hierarchies.
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for (Celllterator cell(mesh); !cell.end(); ++cell)
for (TestFunctionIterator v(element); !v.end(); ++v)
for (TrialFunctionIterator u(element); !'u.end(); ++u)
A(v.dof (), u.dof()) += pde.lhs(u,v);

for (Celllterator cell(mesh); !cell.end(); ++cell)
for (TestFunctionIterator v(element); !v.end(); ++v)
b(v.dof) += pde.rhs(v);

Table 2: Sketch of the implementation of automatic assembly in DOLFIN.

for (Celllterator c(m); !c.end(); ++c)
for (NodeIterator ni(c); !'ml.end(); ++nl)
for (NodeIterator n2(nl1); !n2.end(); ++n2)
cout << *n2 << endl;

Table 3: Iteration over all node neighbors n2 of the nodes n1 within all cells
¢ of the mesh m.

These concepts are all implemented as C++ classes in DOLFIN, as shown
in Figure 11.

Algorithms operating on a mesh, including adaptive mesh refinement,
can often be expressed in terms of iterators, i.e., objects used for the traver-
sal of aggregate structures, such as the list of nodes contained in a mesh.
Iterators implemented in DOLFIN include a NodeIterator, CellIterator,
Edgelterator, Facelterator, and a MeshIterator. Table 3 provides an
example of a code that displays all node neighbors of all nodes of all cells
within a given mesh.

Adaptive mesh refinement is implemented in DOLFIN for triangular
meshes (in 2D) and tetrahedral meshes (in 3D), see Figure 12, based on
the algorithm given in [3]. To refine a mesh, the cells (triangles or tetrahe-
drons) are first marked according to some criterion for refinement, before
the mesh is refined. A hierarchy of meshes, that can be used for example
in a multigrid computation, is automatically created.

Linear Algebra

DOLFIN includes an efficient implementation of the basic concepts of lin-
ear algebra: matrices and vectors. Both sparse and dense matrices are
implemented, as well as generic matrices only defined through their action
(multiplication with a given vector).
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Figure 11: Class diagram of the basic mesh classes in DOLFIN.
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Figure 12: Adaptive mesh refinement of triangular

in DOLFIN.
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Several algebraic solvers are implemented in DOLFIN. These include
preconditioned iterative methods such as CG, GMRES, and BiCGSTAB,
and direct methods such as LU factorization.

Multigrid

A multigrid solver has recently been implemented in DOLFIN as part of a
student project, showing the benefits of the open-source nature of DOLFIN;
it functions as a tool in both research and education, and at the same
time benefits from this usage by incorporating new methods and solvers
developed as a consequence of its usage.

Visualization

DOLFIN relies on interaction with external tools for visualization, such
as the open-source program OpenDX, based on IBM’s Visualization Data
Explorer. Post-processing (as well as pre-processing) is thus accomplished
by implementation of the file formats needed for exchange of data. Using a
modular approach, DOLFIN has been designed to allow easy extension by
addition of new file formats. In addition to OpenDX, DOLFIN currently
supports GNU Octave, MATLAB, and GiD.

Easy Integration of New Modules

New solvers/modules for specific models may easily be added to DOLFIN.
Current modules include solvers for Poisson’s equation, the heat equation,
convection—diffusion, the wave equation, linear elasticity, incompressible
Navier—Stokes (in preparation), and the general multi-adaptive ODE-solver.

Multi-Adaptive ODE-Solver

A general multi-adaptive ODE-solver, including automatic generation and
solution of dual problems, automatic error estimation, and automatic model
reduction, is currently being implemented in DOLFIN, as the result of a
merge with the existing multi-adaptive solver Tanganyika [43]. The new
solver is developed with specific focus on the ability to handle stiff problems
and large-scale applications, as discussed in [36, 35, 37].

Limitations and Future Directions

To reach a point where DOLFIN becomes attractive and useful to a wider
audience, and ultimately to realize the Automation of CMM, a number of
new features and improvements of existing features are necessary, including
all features listed above. Important areas of active development which will
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Figure 13: Cross-sections of 3D turbulent flow around a surface mounted
cube computed with DOLFIN. (Courtesy of Johan Hoffman)

see improvements in the near future include the automatic evaluation of
variational forms, support for general finite elements, support for a range
of file formats, linear algebra and iterative solvers, specification of gen-
eral boundary conditions, and the automatic integration of time-dependent
partial differential equations using the multi-adaptive solver.

7 Puffin

With new tools available to science and engineering based on the Automa-
tion of CMM, a reform of education from basic to graduate level becomes
necessary. The Body&Soul-project, involving books [32, 15, 16, 17, 41] and
software (FENICS), represents the first coordinated effort to meet these
demands. The potential impact of FENICS as the computational tool in a
reformed education is thus very strong.

Puffin is a simple and minimal 2D implementation of FENICS in GNU
Octave (or MATLAB) designed for education, including automatic assem-
bly and evaluation of variational forms. Puffin is currently used by students
in a number of courses at Chalmers. The students follow a sequence of com-
puter sessions and in each session implement a solver for a given model,
including Poisson’s equation, the heat equation, convection—diffusion, the
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bistable equation, the Navier—Stokes equations, and general systems of
convection—diffusion-reaction equations (see Figure 14 and 15).

Figure 14: Solution of the bistable equation (12) in Puffin.
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Figure 15: Solution of the driven cavity problem for the Navier-Stokes
equations in Puffin.

8 Summary of Appended Papers

PAPER I: Multi-Adaptive Galerkin Methods for ODEs I

This paper introduces the multi-adaptive Galerkin methods mcG(q) and
mdG(q) for initial value problems for ordinary differential equations and
contains the a posteriori error analysis of the methods.

PAPER 1I: Multi-Adaptive Galerkin Methods for ODEs II:
Implementation and Applications

Continuing from PAPER I, this paper discusses the implementation of the
mcG(g) and mdG(g) methods, in particular the adaptive algorithm based
on the a posteriori error estimates from PAPER I. This paper also discusses
a number of applications of the multi-adaptive methods, and includes an
evaluation of the performance of the multi-adaptive methods.

PAPER III: Multi-Adaptive Galerkin Methods for ODEs III:
Ezxistence and Stability

This paper contains proofs of existence and stability for the discrete multi-
adaptive solutions, which is an important step in the proof of a priori error
estimates for the multi-adaptive methods.

PAPER IV: Multi-Adaptive Galerkin Methods for ODEs IV:
A Priori Error Estimates

Based on the stability estimates of PAPER III and a pair of special in-
terpolation estimates proved in PAPER VII and PAPER VIII, this paper
contains the proofs of the a priori error estimates for the multi-adaptive
methods mcG(q) and mdG(q).

PAPER V: Multi- Adaptive Galerkin Methods for ODEs V:
Stiff Problems

This paper extends the applicability of the multi-adaptive methods to stiff
problems. In particular, a new strategy for adaptive fixed point iteration
on time slabs is presented, based on ideas of adaptive stabilization of stiff
problems presented in PAPER VI.

PAPER VI: Explicit Time-Stepping for Stiff ODEs

This paper presents new ideas for adaptive stabilization of stiff problems,
making it possible to solve stiff problems with explicit methods.
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PAPER VII: Interpolation Estimates for Piecewise Smooth
Functions in One Dimension

This paper contains basic interpolation estimates for piecewise smooth func-
tions. These estimates are used in the a priori error analysis of the multi-
adaptive methods, where interpolation estimates are needed for functions
with discontinuities.

PAPER VIII: Estimates of Derivatives and Jumps Across Ele-
ment Boundaries for Multi- Adaptive Galerkin Solutions of ODEs

The interpolation estimates proved in PAPER VII are expressed in terms of
the jumps in function values and derivatives at the points of discontinuity
for the interpolated function. This paper estimates the size of these jumps
for the discrete multi-adaptive solutions.

PAPER IX: Algorithms for Multi-Adaptive Time-Stepping

This paper presents the key algorithms for multi-adaptive time-stepping,
including the recursive construction of time slabs and adaptive fixed point
iteration on time slabs.

PAPER X: Simulation of Mechanical Systems with Individual
Time Steps

This paper discusses the application of the multi-adaptive methods to me-
chanical systems, in particular to large mass-spring systems modeling de-
formable solids. The performance of the multi-adaptive methods is exam-
ined, both for stiff and non-stiff problems.

PAPER XI: Computational Modeling of Dynamical Systems

This paper is a short note on the basic approach to automated computa-
tional modeling of dynamical systems.

32



References

U. ASCHER AND L. PETZOLD, Computer Methods for Ordinary Differential Equa-
tions and Differential-Algebraic Equations, STAM, 1998.

R. BECKER AND R. RANNACHER, An optimal control approach to a posteriori error
estimation in finite element methods, Acta Numerica, 10 (2001).

J. BEY, Tetrahedral grid refinement, Computing, 55 (1995), pp. 355-378.

B.G. GALERKIN, Series solution of some problems in elastic equilibrium of rods and
plates, Vestnik inzhenerov i tekhnikov, 19 (1915), pp. 897-908.

J. BUTCHER, The Numerical Analysis of Ordinary Differential Equations — Runge—
Kutta and General Linear Methods, Wiley, 1987.

C.A.P. CASTIGLIANO, Théorie de l’équilibre des systémes élastiques et ses applica-
tions, A.F. Negro ed., Torino, 1879.

R. COURANT, Variational methods for the solution of problems of equilibrium and
vibrations, Bull. Amer. Math. Soc., 49 (1943), pp. 1-23.

G. DAHLQUIST, Stability and Error Bounds in the Numerical Integration of Ordinary
Differential Equations, PhD thesis, Stockholm University, 1958.

R. DAVE, J. DUBINSKI, AND L. HERNQUIST, Parallel treeSPH, New Astronomy, 2
(1997), pp. 277-297.

C. Dawson AND R.C. KIRBY, High resolution schemes for conservation laws with
locally varying time steps, SIAM J. Sci. Comput., 22, No. 6 (2001), pp. 2256-2281.

M. DELFOUR, W. HAGER, AND F. TROCHU, Discontinuous Galerkin methods for
ordinary differential equations, Math. Comp., 36 (1981), pp. 455-473.

T. DuponT, J. HorrMmAN, C. Jonnson, R.C. KirBy, M.G. LARSON, A. LoGga,
AND L.R. ScorT, The FEniCS project, Tech. Rep. 200321, Chalmers Finite Ele-
ment Center Preprint Series, 2003.

K. ErIkssoN, D. EsTep, P. HANSBO, AND C. JOHNSON, Introduction to adaptive
methods for differential equations, Acta Numerica, (1995), pp. 105-158.

——, Computational Differential Equations, Cambridge University Press, 1996.

K. ERIKSsON, D. ESTEP, AND C. JOHNSON, Applied Mathematics: Body and Soul,
vol. I, Springer-Verlag, 2003.

——, Applied Mathematics: Body and Soul, vol. 11, Springer-Verlag, 2003.
——, Applied Mathematics: Body and Soul, vol. III, Springer-Verlag, 2003.

K. ERikssoN AND C. JOHNSON, Adaptive finite element methods for parabolic prob-
lems III: Time steps variable in space, in preparation.

———, Adaptive finite element methods for parabolic problems I: A linear model
problem, STAM J. Numer. Anal., 28, No. 1 (1991), pp. 43-77.

, Adaptive finite element methods for parabolic problems II: Optimal order error
estimates in loolz and locloo, STAM J. Numer. Anal., 32 (1995), pp. 706-740.

, Adaptive finite element methods for parabolic problems IV: Nonlinear prob-
lems, STAM J. Numer. Anal., 32 (1995), pp. 1729-1749.

——, Adaptive finite element methods for parabolic problems V: Long-time integra-
tion, SIAM J. Numer. Anal., 32 (1995), pp. 1750-1763.

33

(23]

[24)
[25)
[26)
[27)

28

29

(30]

(31]
(32

(33]

(36]
37]

38]

39

40

[41]

(42]

K. ERIKssON, C. JOHNSON, AND S. LARSSON, Adaptive finite element methods
for parabolic problems VI: Analytic semigroups, SIAM J. Numer. Anal., 35 (1998),
pp. 1315-1325.

K. ERIKSSON, C. JOHNSON, AND A. LOGG, Ezplicit time-stepping for stiff ODEs,
SIAM J. Sci. Comput., 25 (2003), pp. 1142-1157.

, Adaptive computational methods for parabolic problems, to appear in Ency-
clopedia of Computational Mechanics, (2004).

D. EsTEP, An analysis of numerical approzimations of metastable solutions of the
bistable equation, Nonlinearity, 7 (1994), pp. 1445-1462.

——, A posteriori error bounds and global error control for approximations of or-
dinary differential equations, SIAM J. Numer. Anal., 32 (1995), pp. 1-48.

D. ESTEP AND D. FRENCH, Global error control for the continuous Galerkin finite
element method for ordinary differential equations, M?AN, 28 (1994), pp. 815-852.

E. HAIRER AND G. WANNER, Solving Ordinary Differential Equations I — Nonstiff
Problems, Springer Series in Computational Mathematics, vol. 8, 1991.

——, Solving Ordinary Differential Equations II — Stiff and Differential-Algebraic
Problems, Springer Series in Computational Mathematics, vol. 14, 1991.

J. HOFFMAN AND A. LOGG ET AL., DOLFIN, http://www.phi.chalmers.se/dolfin/.

J. HorrMAN, C. JOHNSON, AND A. LoGa, Dreams of Calculus — Perspectives on
Mathematics Education, Springer-Verlag, 2004.

J. HOFFMAN AND A. LOGG, DOLFIN: Dynamic Object oriented Library for FINite
element computation, Tech. Rep. 2002-06, Chalmers Finite Element Center Preprint
Series, 2002.

J. JanssoN, C. JOHNSON, AND A. Loca, Computational modeling of dynamical
systems, to appear in M3AS, (2004).

J. JANsSON AND A. Loca, Algorithms for multi-adaptive time-stepping, submitted
to ACM Trans. Math. Softw., (2004).

——, Multi-adaptive Galerkin methods for ODEs V: Stiff problems, submitted to
BIT, (2004).

——, Simulation of mechanical systems with individual time steps, submitted to
SIAM J. Appl. Dyn. Syst., (2004).

J.E. FLAHERTY, R.M. Loy, M.S. SHEPHARD, B.K. Szymanski, J.D. TERESCO,
AND L.H. ZIANTZ, Adaptive local refinement with octree load balancing for the par-
allel solution of three-dimensional conservation laws, Journal of Parallel and Dis-
tributed Computing, 47 (1997), pp. 139-152.

C. JOHNSON, Error estimates and adaptive time-step control for a class of one-step
methods for stiff ordinary differential equations, STAM J. Numer. Anal., 25 (1988),
pp. 908-926.

C. JOHNSON, J. HOFFMAN, AND A. LoGG, Topics in adaptive computational meth-
ods for differential equations, CEDYA 2001: Congreso de Ecuaciones Diferenciales
y Aplicaciones, (2001).

C. JOHNSON AND A. LoGG, Dynamical Systems, Applied Mathematics: Body and
Soul vol. IV, Springer-Verlag, 2004.

A. LEw, J.E. MARSDEN, M. ORTIZ, AND M. WEST, Asynchronous variational
integrators, Arch. Rational. Mech. Anal., 167 (2003), pp. 85-146.

34



43]
[44]

[45]

[46]

47]
48]
[49]
[50]
[51]
[52]
53]
[54]

[55]

A. Loca, Tanganyika, http://www.phi.chalmers.se/tanganyika/.

——, Multi-adaptive Galerkin methods for ODEs I, SIAM J. Sci. Comput., 24
(2003), pp. 1879-1902.

, Multi-adaptive Galerkin methods for ODEs I1: Implementation and applica-
tions, SIAM J. Sci. Comput., 25 (2003), pp. 1119-1141.

———, Estimates of derivatives and jumps across element boundaries for multi-
adaptive Galerkin solutions of ODEs, Tech. Rep. 2004-03, Chalmers Finite Element
Center Preprint Series, 2004.

, Interpolation estimates for piecewise smooth functions in one dimension,
Tech. Rep. 2004-02, Chalmers Finite Element Center Preprint Series, 2004.

, Multi-adaptive Galerkin methods for ODFEs I1I: Ezxistence and stability, sub-
mitted to SIAM J. Numer. Anal., (2004).

——, Multi-adaptive Galerkin methods for ODEs IV: A priori error estimates,
submitted to SITAM J. Numer. Anal., (2004).

, Multi-adaptive time-integration, Applied Numerical Mathematics, 48 (2004),
pp- 339-354.

J. MAKINO AND S. AARSETH, On a Hermite integrator with Ahmad-Cohen scheme
for gravitational many-body problems, Publ. Astron. Soc. Japan, 44 (1992), pp. 141-
151.

I. NEWTON, Philosophiae Naturalis Principia Mathematica, vol. I-111, 1687.

S. OSHER AND R. SANDERS, Numerical approzimations to nonlinear conservation
laws with locally varying time and space grids, Math. Comp., 41 (1983), pp. 321-336.
P.G. CIARLET, Numerical Analysis of the Finite Element Method, Les Presses de
I’Universite de Montreal, 1976.

R.C. KIrBY, A linear algebraic approach to representing and computing finite ele-
ments, submitted to Math. Comp., (2003).

W. RiTz, Uber eine neue Methode zur Lésung gewisser Variationsprobleme der
mathematischen Physik, J. reine angew. Math., 135 (1908), pp. 1-61.

R. SANDBOGE, Adaptive Finite Element Methods for Reactive Flow Problems, PhD
thesis, Department of mathematics, Chalmers University of Technology, Géteborg,
1996.

S.C. BRENNER AND L.R. ScoTT, The Mathematical Theory of Finite Element Meth-
ods, Springer-Verlag, 1994.

S.G. ALEXANDER AND C.B. AGNOR, n-body simulations of late stage planetary
formation with a simple fragmentation model, ICARUS, 132 (1998), pp. 113-124.
L. SHAMPINE, Numerical Solution of Ordinary Differential Equations, Chapman &
Hall, 1994.

G. STRANG AND G.J. Fi1x, An Analysis of the Finite Element Method, Prentice-Hall,
Englewood Cliffs, 1973.

T.J.R HuGHES, 1. LEvIT, AND J. WINGET, Element-by-element implicit algorithms
for heat-conduction, J. Eng. Mech.-ASCE, 109 (1983), pp. 576-585.

———, An element-by-element solution algorithm for problems of structural and solid

mechanics, Computer Methods in Applied Mechanics and Engineering, 36 (1983),
pp. 241-254.




SIAM J. SCI. COMPUT. (© 2003 Society for Industrial and Applied Mathematics
Vol. 24, No. 6, pp. 1879-1902

MULTI-ADAPTIVE GALERKIN METHODS FOR ODES I*
ANDERS LOGGT

Abstract. We present multi-adaptive versions of the standard continuous and discontinuous
Galerkin methods for ODEs. Taking adaptivity one step further, we allow for individual time-
steps, order and quadrature, so that in particular each individual component has its own time-step
sequence. This paper contains a description of the methods, an analysis of their basic properties, and
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1. Introduction. In this paper, we present multi-adaptive Galerkin methods
for initial value problems for systems of ODEs of the form

{ ) = f)b, te 1),

(L1)

u(0) = o,

where u : [0,7] — RN, f: RN x (0,7] — R" is a given bounded function that is
Lipschitz-continuous in u, ug € RN is a given initial condition, and 7' > 0 is a given
final time. We use the term multi-adaptivity to describe methods with individual
time-stepping for the different components u;(t) of the solution vector u(t) = (u;(t)),
including (i) time-step length, (ii) order, and (iii) quadrature, all chosen adaptively
in a computational feedback process. In the companion paper [29], we apply the
multi-adaptive methods to a variety of problems to illustrate the potential of multi-
adaptivity.

The ODE (1.1) models a very large class of problems, covering many areas of
applications. Often different solution components have different time-scales and thus
ask for individual time-steps. A prime example to be studied in detail below is our
own solar system, where the moon orbits around Earth once every month, whereas
the period of Pluto is 250 years. In numerical simulations of the solar system, the
time-steps needed to track the orbit of the moon accurately are thus much less than
those required for Pluto, the difference in time-scales being roughly a factor 3,000.

Surprisingly, individual time-stepping for ODEs has received little attention in the
large literature on numerical methods for ODEs; see, e.g., [4, 21, 22, 3, 34]. For specific
applications, such as the n-body problem, methods with individual time-stepping have
been used—see, e.g., [31, 1, 5] or [25]—but a general methodology has been lacking.
Our aim is to fill this gap. For time-dependent PDEs, in particular for conservation
laws of the type u + f(u), = 0, attempts have been made to construct methods with
individual (locally varying in space) time-steps. Flaherty et al. [20] have constructed
a method based on the discontinuous Galerkin method combined with local forward

*Received by the editors May 23, 2001; accepted for publication (in revised form) November 13,
2002; published electronically May 2, 2003.
http://www.siam.org/journals/sisc/24-6 /38972.html
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Géoteborg, Sweden (logg@math.chalmers.se).

1879

1880 ANDERS LOGG

Euler time-stepping. A similar approach is taken in [6], where a method based on
the original work by Osher and Sanders [33] is presented for conservation laws in one
and two space dimensions. Typically the time-steps used are based on local CFL
conditions rather than error estimates for the global error and the methods are low
order in time (meaning < 2). We believe that our work on multi-adaptive Galerkin
methods (including error estimation and arbitrary order methods) presents a general
methodology to individual time-stepping, which will result in efficient integrators also
for time-dependent PDEs.

The methods presented in this paper fall within the general framework of adap-
tive Galerkin methods based on piecewise polynomial approximation (finite element
methods) for differential equations, including the continuous Galerkin method cG(q)
of order 2¢, and the discontinuous Galerkin method dG(g) of order 2¢ + 1; more
precisely, we extend the ¢G(g) and dG(g) methods to their multi-adaptive analogues
mcG(g) and mdG(g). Earlier work on adaptive error control for the ¢cG(g) and dG(q)
methods include [7, 16, 24, 18, 17, 19]. The techniques for error analysis used in these
references, developed by Johnson and coworkers (see, e.g., [11, 12, 10, 13, 14, 15], and
[8] in particular) naturally carries over to the multi-adaptive methods.

The outline of the paper is as follows: In section 2 we summarize the key features
of the multi-adaptive methods, and in section 3 we discuss the benefits of the new
methods in comparison to standard ODE codes. We then motivate and present the
formulation of the multi-adaptive methods mcG(g) and mdG(q) in section 4. Basic
properties of these methods, such as order, energy conservation, and monotonicity, are
discussed in section 5. In the major part of this paper, section 6, we derive a posteriori
error estimates for the two methods based on duality arguments, including Galerkin
errors, numerical errors, and quadrature errors. We also prove an a posteriori error
estimate for stability factors computed from approximate dual solutions.

2. Key features. We summarize the key features of our work on the mcG(q)
and mdG(q) methods as follows.

2.1. Individual time-steps and order. To discretize (1.1), we introduce for
each component, ¢ = 1,..., N, a partition of the time-interval (0,7 into M, subin-
tervals, Ijj = (tij—1,ti], 7 = 1,...,M;, and we seek an approximate solution
U(t) = (U;(t)) such that U;(t) is a polynomial of degree ¢;; on every local inter-
val I;;. Bach individual component U;(t) thus has its own sequence of time-steps,
{k,vj}”i . The entire collection of individual time-intervals {I;;} may be organized
into a sequence of time-slabs, collecting the time-intervals between certain synchro-
nised time-levels common to all components, as illustrated in Figure 2.1.

2.2. Global error control. Our goal is to compute an approximation U(T) of
the exact solution u(T") at final time 7" within a given tolerance TOL > 0, using a
minimal amount of computational work. This goal includes an aspect of reliability
(the error should be less than the tolerance) and an aspect of efficiency (minimal
computational work). To measure the error we choose a norm, such as the Euclidean
norm || - || on RN, or more generally some other quantity of interest (see [32]).

The mathematical basis of global error control in || - || for mcG(g) is an error
representation of the form

2.1) (T - w(T)| = / (R.g) d,
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Fic. 2.1. Individual time-discretizations for different components.

where R = (R;) = R(U,t) = U(t)— f(U(t),t) is the residual vector of the approximate
solution U(t), ¢(t) is the solution of an associated linearized dual problem, and (-, -)
is the RY scalar product.

Using the Galerkin orthogonality, the error representation can be converted into
an error bound of the form

N
(22) IU() (@) < 3 SiT) max k()" O|R(U.1),
i=1

0<t<T

where {S;(T)}Y, are stability factors for the different components, depending on the
dual solution ¢(t), and where k;(t) = kij, ¢;(t) = gi; for t € I;;. The error bound may
take different forms depending on how fDT(R, ) dt is bounded in terms of R and .

By solving the dual problem numerically, the individual stability factors S;(T")
may be determined approximately, and thus the right-hand side of (2.2) may be
evaluated. The adaptive algorithm seeks to satisfy the stopping criterion

N
) : ()3 (1)
(2.3) ; Si(T) e ks(1)* | Ri(U, 1)] < TOL,

with maximal time-steps k = (k;(t)).

2.3. Iterative methods. Both mcG(q) and mdG(q) give rise to systems of
nonlinear algebraic equations, coupling the values of U (t) over each time-slab. Solving
these systems with full Newton may be quite heavy, and we have instead successfully
used diagonal Newton methods of more explicit nature.

2.4. Implementation of higher-order methods. We have implemented
mcG(g) and mdG(g) in C++ for arbitrary ¢, which in practice means 2¢g < 50. The
implementation, Tanganyika, is described in more detail in [29] and is publicly (GNU
GPL) available for Linux/Unix [30].

2.5. Applications. We have applied mcG(gq) and mdG(q) to a variety of prob-
lems to illustrate their potential; see [29]. (See also [27] and [26].) In these applica-
tions, including the Lorenz system, the solar system, and a number of time-dependent
PDE problems, we demonstrate the use of individual time-steps, and for each system
we solve the dual problem to collect extensive information about the problems stability
features, which can be used for global error control.
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3. Comparison with standard ODE codes. Standard ODE codes use time-
steps which are variable in time but the same for all components, and the time-steps
are adaptively chosen by keeping the “local error” below a given local error tolerance
set by the user. The global error connects to the local error through an estimate,
corresponding to (2.2), of the form

(3.1) {global error} < S max{local error},

where S is a stability factor. Standard codes do not compute S, which means that
the connection between the global error and the local error is left to be determined
by the clever user, typically by computing with a couple of different tolerances.

Comparing the adaptive error control of standard ODE codes with the error con-
trol presented in this paper and the accompanying paper [29], an essential difference
is thus the technique to estimate the global error: either by clever trial-and-error or,
as we prefer, by solving the dual problem and computing the stability factors. Both
approaches carry extra costs and what is best may be debated; see, e.g., [32] for a
comparison.

However, expanding the scope to multi-adaptivity with individual stability factors
for the different components, trial-and-error becomes very difficult or impossible, and
the methods for adaptive time-stepping and error control presented below based on
solving the dual problem seem to bring clear advantages in efficiency and reliability.

For a presentation of the traditional approach to error estimation in ODE codes,
we refer to [2], where the following rather pessimistic view is presented: Here we just
note that a precise error bound is often unknown and not really needed. We take the
opposite view: global error control is always needed and often possible to obtain at a
reasonable cost. We hope that multi-adaptivity will bring new life to the discussion
on efficient and reliable error control for ODEs.

4. Multi-adaptive Galerkin. In this section we present the multi-adaptive

Galerkin methods, mcG(g) and mdG(g), based on the discretization presented in
section 2.1.

4.1. The mcG(q) method. The mcG(g) method for (1.1) reads as follows:
Find U € V with U(0) = ug, such that

T T
(4.1) / (U,v) dt = / (f(U,-),v) dt Yo e W,
0 Jo
where
(4.2) Vo= {welC(0, DIV tvilr, € PT (1), j=1,...,M;, i=1,... N},
W = vy, € PN Iy), j=1,... M, i=1,... N},

and where P9(I) denotes the linear space of polynomials of degree < ¢q on I. The
trial functions in V' are thus continuous piecewise polynomials, locally of degree ¢;j,
and the test functions in W are discontinuous piecewise polynomials that are locally
of degree ¢;; — 1.

Noting that the test functions are discontinuous, we can rewrite the global prob-
lem (4.1) as a number of successive local problems for each component: For i =
1,...,N,j=1,..., M, find U; L; € Pii ([1]’) with Ui(ti,]—l) given, such that

(4.3) /1

ij

U dt :/ fi(U, v dt Vo € PUTH(I;).
Iij
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We notice the presence of the vector U(t) = (U1(t),...,Un(t)) in the local prob-
lem for U;(t) on I;;. If thus component Uj, (t) couples to component Uy, (t) through f,
this means that in order to solve the local problem for component U;, (t) we need to
know the values of component Uj, (¢) and vice versa. The solution is thus implicitly
defined by (4.3). Notice also that if we define the residual R of the approximate
solution U as R;(U,t) = U;(t) — fi(U(t),t), we can rewrite (4.3) as

(4.4) / Ri(U,yvdt=0  Yoe P (L),

J 1
i.e., the residual is orthogonal to the test space on every local interval. We refer to
this as the Galerkin orthogonality for the mcG(q) method.

Making an ansatz for every component U;(t) on every local interval I;; in terms
of a nodal basis for P%i (I;;) (see the appendix), we can rewrite (4.3) as

(4.5) &ijm = &ijo +/ wltd (;(8) f(U(L),0) dt, m=1,...,q;,

i

where {&;,,}57 ) are the nodal degrees of freedom for U;(t) on the interval I,
{w,[l]}fn:l C P971(0, 1) are corresponding polynomial weight functions, and 7;; maps
I;; to (0,1]: 745(t) = (t — ti;j—1)/(tij — tij—1). Here we assume that the solution
is expressed in terms of a nodal basis with the end-points included, so that by the
continuity requirement &;jo = & j—1,4;;_;-

Finally, evaluating the integral in (4.5) using nodal quadrature, we obtain a fully

discrete scheme in the form of an implicit Runge-Kutta method: For ¢ = 1,... , N,
j=1,..., M find {&jm}Ei,, with &jo given by the continuity requlrement buch
that
4ij
(46)  Eojm = Ejo+ ki y_ wltd iU (o), 77 (s590), m=1,... gy,
n=0

for certain weights {w n} and certain nodal points {s[q]} (see the appendix).

4.2. The mdG(g) method. The mdG(g) method in local form, corresponding

0 (4.3), reads as follows: Fori = 1,... N, j = 1,..., M, find Uj|;,, € P%(I;;),
such that
(4.7) [U,-,],,_,_lv<t3j,1)+/1 U dt = / fi(Uyvdt Yo e PU(I;),

where [ denotes the jump, i.e., [v];; = U(t:;) —v(t;;), and the initial condition is
specified for i = 1,...,N, by U;(07) = u;(0). On a global level, the trial and test
spaces are given by

(4.8) V=W={v:vl, €PU(y;)j=1,..., My i=1,...,N}

In the same way as for the continuous method, we define the residual R of the ap-
proximate solution U as R;(U,t) = U;(t) — fi(U(t),t), defined on the inner of every

local interval I;;, and we rewrite (4.7) in the form
(4.9) (Ui jo1v(tf; 1) +/ Ri(U,ywdt=0  YoeP% ().

ij
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We refer to this as the Galerkin orthogonality for the mdG(g) method. Notice that
this is similar to (4.4) if we extend the integral in (4.4) to include the left end-point of
the interval I;;. (The derivative of the discontinuous solution is a Dirac delta function
at the end-point.)

Making an ansatz for the solution in terms of some nodal basis, we get, as for the
continuous method, the following explicit version of (4.7) on every local interval:

(4.10) Sijm = 51;0 + /I “’[q”]( (1) fi(U(t),1) dt, m=0,...,qj,

or, applying nodal quadraturc:,

(11) € = 650 + by S0 ultg) HUGT N 73 ), m=0, gy,
n=0

where the weight functions, the nodal points, and the weights are not the same as for

the continuous method.

4.3. The multi-adaptive mcG(q)-mdG(g) method. The discussion above
for the two methods extends naturally to using different methods for different com-
ponents. Some of the components could therefore be solved for using the mcG(q)
method, while for others we use the mdG(g) method. We can even change methods
between different intervals.

Although the formulation thus includes adaptive orders and methods, as well as
adaptive time-steps, our focus will be mainly on adaptive time-steps.

4.4. Choosing basis functions and quadrature. What remains in order to
implement the two methods specified by (4.6) and (4.11) is to choose basis functions
and quadrature. For simplicity and efficiency reasons, it is desirable to let the nodal
points for the nodal basis coincide with the quadrature points. It turns out that for
both methods, the mcG(g) and the mdG(g) methods, this is possible to achieve in
a natural way. We thus choose the ¢ + 1 Lobatto quadrature points for the mcG(q)
method, i.e., the zeros of xP,(x) — P;_1(x), where P, is the gth-order Legendre poly-
nomial on the interval; for the mdG(g) method, we choose the Radau quadrature
points, i.e., the zeros of Py(x) 4+ Pyy1(x) on the interval (with time reversed so as to
include the right end-point). See [28] for a detailed discussion on this subject. The
resulting discrete schemes are related to the implicit Runge-Kutta methods referred
to as Lobatto and Radau methods; see, e.g., [3].

5. Basic properties of the multi-adaptive Galerkin methods. In this sec-
tion we examine some basic properties of the multi-adaptive methods, including order,
energy conservation, and monotonicity.

5.1. Order. The standard ¢G(g) and dG(g) methods are of order 2¢ and 2¢+1,
respectively. The corresponding properties hold for the multi-adaptive methods, i.e.,
mcG(q) is of order 2¢ and mdG(q) is of order 2¢ + 1, assuming that the exact solution
u is smooth. We examine this in more detail in subsequent papers.

5.2. Energy conservation for mcG(q). The standard c¢G(g) method is
energy-conserving for Hamiltonian systems. We now prove that also the mcG(q)
method has this property, with the natural restriction that we should use the same
time-steps for every pair of positions and velocities. We consider a Hamiltonian sys-
tem,

(5.1) & =-V,P(z),
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on (0,T] with z(t) € RV, together with initial conditions for # and &. Here & is the
acceleration, which by Newton’s second law is balanced by the force F(z) = -V, P(z)
for some potential field P. With u = z and v = & we rewrite (5.1) as

i v Ju(v) ]
5.2 .| = = = f(u,v).
2 [L] [F(u)] [mu) few)
The total energy F(t) is the sum of the kinetic energy K (¢) and the potential energy

P(z(t)),

(5.3) B(t) = K(t) + P(x(t)),
with
(5.4) K(0) = #0)1? = 2 o0l

Multiplying (5.1) with @ it is easy to see that energy is conserved for the continuous
problem, i.e., E(t) = E(0) for all t € [0, T]. We now prove the corresponding property
for the discrete mcG(q) solution of (5.2).

THEOREM 5.1. The multi-adaptive continuous Galerkin method conserves energy
in the following sense: Let (U, V) be the mcG(q) solution to (5.2) defined by (4.3).
Assume that the same time-steps are used for every pair of positions and corresponding
velocities. Then at every synchronized time-level t, such as, e.g., T, we have

(5.5) K(t)+ P(t) = K(0) + P(0),

with K(t) = %HV(t)H2 and P(t) = P(U(t)).
Proof. If every pair of positions and velocities have the same time-step sequence,
then we may choose V' as a test function in the equations for U, to get

Jwna= [wiya=g [ LW a-xo-xo

Similarly, U may be chosen as a test function in the equations for V to get

/‘:(VU dt = / —VPU)U dt = /dt = —(P(f) — P(0))

and thus K (t) + P(¢) = K(0) + P(0). D

Remark 5.1. Energy conservation requires exact integration of the right-hand
side f (or at least that fol (U,V) dt+ (P(t) — P(0)) = 0) but can also be obtained in
the case of quadrature; see [23].

5.3. Monotonicity. We shall prove that the mdG(g) method is B-stable (see
3))-

THEOREM 5.2. Let U and V be the mdG(q) solutions of (1.1) with initial data
U(07) and V(07), respectively, defined by (4.7) on the same partition. If the right-
hand side f is monotone, i.e.,

(5.6) (Fu,) = fw, )y u—v) SO VYuueRY,
then, at every synchronized time-level t, such as, e.g., T, we have

(5.7) o I <1U©7) = V(o)
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Proof. Choosing the test function as v = W = U — V in (4.7) for U and V,
summing over the local intervals, and subtracting the two equations, we have

> {[W],, Wi 1+/ WW; dt
Lij

ij

= /T(f(U-,-) —f(V,),U—=V)dt<0.
0

Noting that

Wiliga Wy + [, WaiWadt = S(W_)? §(W 2 W Wi,

3 Wil
i -
3 Wit 1 +3 ((W”) Wi54)%)

we get

1 .
S IO + SIW @) < S Wiy, 1+/ Wi dt <o,
ij

so that
W@ < [[W(7)].

The proof is completed noting that the same analysis applies with 7" replaced by any
other synchronized time-level £. u]

Remark 5.2. The proof extends to the fully discrete scheme, using the positivity
of the quadrature weights.

6. A posteriori error analysis. In this section we prove a posteriori error
estimates for the multi-adaptive Galerkin methods, including quadrature and discrete
solution errors. Following the procedure outlined in the introduction, we first define
the dual linearized problem and then derive a representation formula for the error in
terms of the dual and the residual.

6.1. The dual problem. The dual problem comes in two different forms: a
continuous and a discrete. For the a posteriori error analysis of this section, we will
make use of the continuous dual. The discrete dual problem is used to prove a priori
error estimates.

To set up the continuous dual problem, we define, for given functions v (t) and
(1),

Lof *
60 o000 = ([ e+ a-gunna)

where * denotes the transpose, and we note that
J(vi,v2,-)(v1 —v2) = fl %(svl + (1= 8)v2,-) ds (v1 —v2)
= Jo s (1= s)va,) ds = f(0r,) = flrz, ).
The continuous dual problem is then defined as the following system of ODEs:
- = J(uU-)p+g onl0,T),
6.3
©3) Lo 200

with data 7 and right-hand side g. Choosing the data and right-hand side appropri-
ately, we obtain error estimates for different quantities of the computed solution. We

S

(6.2)

shall assume below that the dual solution has ¢ continuous derivatives (gal(q”) € C(I)
locally on interval I;;) for the continuous method and ¢ + 1 continuous derivatives

(¢; (a1 ¢ C(I;;) locally on interval I;;) for the discontinuous method.
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6.2. Error representation. The basis for the error analysis is the following
error representation, expressing the error of an approximate solution U(t) in terms of
the residual R(U, t) via the dual solution ¢(t). We stress that the result of the theorem
is valid for any piecewise polynomial approximation of the solution to the initial value
problem (1.1) and thus in particular the mcG(g) and mdG(q) approximations.

THEOREM 6.1. Let U be a piecewise polynomial approximation of the exact so-
lution u of (1.1), and let ¢ be the solution to (6.3) with right-hand side g(t) and
initial data o7, and define the residual of the approzimate solution U as R(U,t) =
U(t) — f(U(t),t), defined on the open intervals of the partitions U;I;; as

Ry(U.t) = Ui(t) = filU(8),0),  t€ (kij, ki),

j=1,...,M;,i=1,... ,N. Assume also that U is right-continuous at T. Then the
error e = U — u satisfies

6.4

o0 T N M T,

Lpr.g(e) = (e(T), o1) +/ (e;g) dt =1 " / Ri(U, )i dt + [Uili j-1i(tij-1)
0 i=1j=1 [/ 1ij

Proof. By the definition of the dual problem, we have using (6.2)

Iy tegydt =y (e,=¢ =T (U, )p) dt
= X JI eipi df+f0 J(u,U, e, p) dt
= Zuf],u* iPi dt+fu (u,-) = f(U,-), ) dt
= i fn, —eigi dt+ 35 [, (filw, ) = fi(U, )i dt.

Integrating by parts, we get

/ —eipi dt = e;(tF;_)o(ti 1) — eilty;)p(ti;) +/ éip; dt,

Iij Iij

so that

YijJn, —eigidt = Yoleilijoapi(tij1) = (e(T7) or) + Jy (e.p) dt
= 3,0 j—190i(tij—1) — (e(T). o7) + JT (e, ) dt.

Thus, with Ly, 4(e) = (e(T), or +fU e,g) dt, we have
Lorale) = Xy [f &+ filu,) = FiU, )i dt + (Ui j1pi(ti 1)
= U [ = fi(U, )i dt + [Uili,j—1:( ,171)]

e dt + [Ui]i,jq%(ti,j—l)} )

which completes the proof. u]
We now apply this theorem to represent the error in various norms. As before,
we let || - || denote the Euclidean norm on RN and define [|v]| 11 jo,77,zn) = jUT [[v]) dt.
COROLLARY 6.2. If op = e(T)/||e(T)|| and g =0, then

)

(6.5) )| = ZZ

i=1j=1

(U, )i dt + [Ui]i.j—lw(ti,j—l)} .

Lij
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COROLLARY 6.3. If or = 0 and g(t) = e(t)/|e(t)||, then
N M,
66)  lellogorem =35 / Y dt+ U1t o1)
i=1 j=1 |/ 1ij

6.3. Galerkin errors. To obtain expressions for the Galerkin errors, i.e., the
errors of the meG(g) or mdG(q) approximations, assuming exact quadrature and exact
solution of the discrete equations, we use two ingredients: the error representation
of Theorem 6.1 and the Galerkin orthogonalities, (4.4) and (4.9). We first prove the
following interpolation estimate.

LEMMA 6.4. If f € C?*Y([a,b]), then there is a constant Cy, depending only on
q, such that

b
60 U@ -l opry [ ey veelo,
where 79 f (2) is the qth-order Taylor ezpansion of f around xo = (a+b)/2, k = b—a,

and Cq = 1/(29¢!).
Proof. Using Taylor’s formula with the remainder in integral form, we have

(@) — 7l ()| = % / £ () — )@ dy

< it / S @)y O

Note that since we allow the polynomial degree to change between different com-
ponents and between different intervals, the interpolation constant will change in the
same way. We thus have Cy, = Cy, (t) = Cy,, for t € I;j.

We can now prove a posteriori error estimates for the meG(g) and mdG(g) meth-
ods. The estimates come in a number of different versions. We typically use E or Ej
to adaptively determine the time-steps and Ey or F; to evaluate the error. The quan-
tities £y and Es may be used for qualitative estimates of error growth. We emphasize
that all of the estimates derived in Theorems 6.5 and 6.6 below may be of use in an
actual implementation, ranging from the very sharp estimate Ej containing only local
quantities to the more robust estimate F5 containing only global quantities.

THEOREM 6.5. The mcG(q) method satisfies the following estimates:

(6.8) [Lorgle)| = Eo < By < By < E3 < Ey
and
(6.9) Lorg(e)| < Bz < Bs,
where
B = ’Zz 1ZJ i, RilUs ) (i — mipi) dt
By = Zz IE] 1f1 ‘R ‘l@t*”kﬁt' dt,
s Qi1 "
(6.10) Ey = Z@ 1 ZM qu]71k11];+ 7'z‘j5£3]]7
By = Zf\il Si[q il max(o 7] {Cq,—1kIri},
Ey = SN max; o) {C1hiri},

E; = S[q]'QHCq—l K1R(U, ')”LZ(RN x[0,T])»
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with Cy as in Lemma 6.4, k;(t) = kij, ri(t) = i, and sgq‘](t) = si‘]’-"’] fort € Ij,

Tij = ku f] \R | dt, 55”1 = ki] f]lj |p(e)]| dt,
. 3 T
(6.11) sl — e o Sl = T e@]) g,
stz = (f Hw(”Hz dt)

and where T s any test space approzimation of the dual solution . Ezpressions
such as Cq_1k9R are defined componentwise, i.e., (Cq—1kR(U,-)); = qu],lk'?}’ Ri(
forteI;;.

Proof. Using the error representation of Theorem 6.1 and the Galerkin orthogo-
nality (4.4), noting that the jump terms disappear since U is continuous, we have

N M;

Lera@l =323 [ R

i=1 j=1

— mppi) dt| = Ey,

where 7 is any test space approximation of ¢. By the triangle inequality, we have
N M;

ZEN L

i=1j=1

i — mrpi)| dt =

Choosing 7, ¢; as in Lemma 6.4 on every interval IZ]7 we have

E1<Zcq,ﬂk”’”/ |R(U, ) dt - / ) at
Lij J
= S otk gt = B

Continuing, we have

< Zl L max 1) {Cl,lk"'n}ZM’ ki a[q”]
= S maxpr {Cy ik f,” ) dt

= L maxpen {Coikfri} [ o] dt
Zf\;] Sz[q’] max(o, 7] {Cy,—1k{"ri} = Es,

Ey

and, finally,

IA

E; max; o, 7] {C rlkgiﬁ} Z'fil foT ‘9’541)‘ dt
max; o 77 {Co, 1k i} VN [ [l dt
max; jo,7] {Cq,— 1k i} VNSl =

As an alternative we can use Cauchy’s inequality in a different way. Continuing from
E5, we have

IN

B — Zivlzju,1 Cq“_lkq“ﬂ r776£§u]
= 21 1ZM1 quflkffsqu f[ |R:(U,
ilfo Ci—1 k' |Ri(U, ‘é dt
ST (Cqmr k1| R(U, ), 1)) dt
T
fo Hquk"R( ,-)HHS )| dt
T 12, p 1/2
(S5 1€k R, > dt) ™ (£ 115142 at)

) dt

IN

U,
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where |R(U,-)| denotes the vector-valued function with components |R|; = |R;| =

|R;(U,-)|. Noting now that s is the L2-projection of |(%)| onto the piecewise constants
on the partition, we have

T 1/2 .
(/ us[q]n?dt) s(/ @2 dt)
JO JO

1/2

so that
|Lpzg(€)] < |Cqm1 kIR, )| 2@y x o, 10191 22 @~ x 0,77 = Es,

completing the proof. u]

The proof of the estimates for the mdG(g) method is obtained similarly. Since
in the discontinuous method the test functions are on every interval of one degree
higher order than the test functions in the continuous method, we can choose a better
interpolant. Thus, in view of Lemma 6.4, we obtain an extra factor k;; in the error
estimates.

THEOREM 6.6. The mdG(q) method satisfies the following estimates:

(6.12) [Lorgle)|=Ey < Ey < Ey; < E3<E,4
and

(6.13) Loy g(e)] < Bz < B,

where

(6.14)

)i = i) dt + (Uil j—1(eiltij—1) — wp,(,, )|
H#ﬁz—ﬂwz\ dt+ |[Uili g llpi(tij—1) — mres (8,01

Ey ‘Z”L
By = Z” f[ ‘R

ij+2 — ii 1
E, = ZL 1ZM Crmk?]ﬁr Tij [q,+ ]7
By = 27’:1 qu s maxo,7] | Cy k;’“
E, = ‘H’l vlfmax, [0,7] quk?"*—l’f‘i,
By = SltU2|CktIR(U, )|l 12 @ x(o.17)»
with
(6.15
_ 1 [ 1 _ 1
Fo= e [ RO Ul RGO = IR |l
ij ij ij

ij

and we otherwise use the notation of Theorem 6.5.
Proof. As in the proof for the continuous method, we use the error representation
of Theorem 6.1 and the Galerkin orthogonality (4.9) to get

‘P’T‘Q |*Z

— ki) dt+ [Uilij1(pi(tij—1) — meei(t;1))| = Eo.
11,
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By Lemma 6.4 we obtain

By < X[y, |RiU e = il dt + (Uil jalli(tii—1) = st )| = B
4 1
< Zi; C‘h]kgj ([11] |Ri(U, )| dt + |[Uii i1l ) T”flu |‘Piq >‘ dt
< T Cuk i

Continuing now in the same way as for the continuous method, we have E; < E3 < Ey
and Fy < Es. n]

Remark 6.1. When evaluating the expressions Fy or Ej, the interpolant 7 does
not have to be chosen as in Lemma 6.4. This is only a convenient way to obtain the
interpolation constant. In section 6.6 below we discuss a more convenient choice of
interpolant.

Remark 6.2. If we replace j[ |R;| dt by maxp,; |R;|, we may replace C, by a
smaller constant C[I. The value of the constant thus depends on the specific way the
residual is measured.

6.4. Computational errors. The error estimates of Theorems 6.5 and 6.6 are
based on the Galerkin orthogonalities (4.4) and (4.9). If the corresponding discrete
equations are not solved exactly, there will be an additional contribution to the total
error. Although Theorem 6.1 is still valid, the first steps in Theorems 6.5 and 6.6 are
not. Focusing on the continuous method, the first step in the proof of Theorem 6.5
is the subtraction of a test space interpolant. This is possible, since by the Galerkin
orthogonality we have

N M;

ZZ/ Ri(U, )mrep; dt =0

i=1 j=1

for all test space interpolants mip. If the residual is no longer orthogonal to the test
space, we add and subtract this term to get to the point where the implications of
Theorem 6.5 are valid for one of the terms. Assuming now that ¢ varies slowly on
each subinterval, we estimate the remaining extra term as follows:
(6.16)
. N

Ee = [SX 2, e at| <Y, v

Ei:l Z]’:l vij| P i R;(U,) dt| = Ei:l Z]’:l kij‘%jHRij‘
N glo

st Sz[ ]maX] ‘RZCJ ’

I TRp; dt

xR

IA

where @ is a piecewise constant approximation of ¢ (using, say, the mean values on
the local intervals),

M; T
(6.17) S0 =S kleul = [ leid dt = sl
=1 V0

is a stability factor, and we define the discrete or computational residual as

(6.18) = k”/ Ri( k% <<§m*5mn)*/ll fi(U, ) dt>.

Iij

More precise estimates may be used if needed.
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For the mdG(g) method, the situation is similar with the computational residual
now defined as

1 -
(6-19) Rac] = E ((fzjq - fz]‘o) - /1” fz(Us ) dt) .

Thus, to estimate the computational error, we evaluate the computational resid-
uals and multiply with the computed stability factors.

6.5. Quadrature errors. We now extend our analysis to take into account also
quadrature errors. We denote integrals evaluated by quadrature with f . Starting
from the error representation as before, we have for the meG(g) method
(6.20)

T
Lorgle) = [y (Rp) dt
™ T
= [y (Ryo—mpp) dt+ [; (R, mep) di

= foT(Ra » — ) dt + ]:(R: ) dt + UUT(R, TRep) dt — ]:(R, TRep) dt
= fOI(R,p — Trp) dt + ]UT(R, ) dt + (]0 fU > 2, Trep) dt

if the quadrature is exact for Uv when v is a test function. The first term of this
expression was estimated in Theorem 6.5 and the second term is the computational
error discussed previously (where [ denotes that in a real implementation, (6.18) is
evaluated using quadrature). The third term is the quadrature error, which may be
nonzero even if f is linear, if the time-steps are different for different components. To
estimate the quadrature error, notice that

(6.21) (]‘0 jo ) D), TRe) dt = Zz‘j (]1” f,“) fi(U, s dt

sz ki]‘PiJsz = Zz:l Sz[ ]man |R3‘

Q

where {5’,;0]}{!1 are the same stability factors as in the estimate for the computational
error and

(6.22) o (/f dt*/ fiU. )

is the quadrature residual. A similar estimate holds for the mdG(g) method.

We now make a few comments on how to estimate the quadrature residual. The
Lobatto quadrature of the meG(q) method is exact for polynomials of degree less than
or equal to 2¢ — 1, and we have an order 2q estimate for f — f in terms of f(?9) and
so we make the assumption RQ x k2q” If, instead of using the standard quadrature
rule over the interval with quddrature residual RZ] , we divide the interval into 2™
parts and use the quadrature on every interval, summing up the result, we will get a
different quadrature residual, namely

1
(623) RQm — ECQWL(IC/QVVL)&H»I _ Qm(—Zq)Ck_Zq _ 272(17€me17
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where we have dropped the ;; subindices. Thus, since [R2m| < [R2m — Rm+1| 4
[Rm+1| = |[R9m — ROm+1| + 2’2‘7\7297"\, we have the estimate

(6.24) |R9m| <

<1 ‘Rgnz ROm+1 ‘

Thus, by computing the integrals at two or more dyadic levels, we may estimate
quadrature residuals and thus the quadrature error.

For the mdG(q) method the only difference is that the basic quadrature rule is
one order better, i.e., instead of 2¢ we have 2¢ + 1, so that

(6.25) [R9m| < RO — ROm+1],

1
7o

6. 6 Evaluating Eg. We now present an approach to estimating the quantity
fo U, — M) dt by direct evaluation, with ¢ a computed dual solution and
TP a Qultably chosen interpolant. In this way we avoid introducing interpolation
constants and computing derivatives of the dual. Note, however, that although we do
not explicitly compute any derivatives of the dual, the regularity assumed in section
6.1 for the dual solution is still implicitly required for the computed quantities to
make sense. Starting now with

N M;

(6.26) Eg=|>"3" | Ri(U,-)(pi — mepi) dt

i=1 j=1"1ij

for the continuous method, we realize that the best possible choice of interpolant, if
we want to prevent cancellation, is to choose 7 such that R;(U,)(pi — Trps) > 0
(or < 0) on every local interval I;;. With such a choice of interpolant, we would have

(6.27)
N M; N M;

Ee = ZZ/ ) dt —ZZ%/ (U s~ micpi)|
i=1 j=1 i=1 j=1

with a;; = £1. The following lemmas give us an idea of how to choose the interpolant.

LEMMA 6.7. If, fori=1,... N, fi = fi(U(t),t) = fi(U;(t),t) and f; is linear
or, alternatively, f = f(U(t),t) is linear and all components have the same time-
steps and order, then every component R;(U,-) of the mcG(q) residual is a Legendre
polynomial of order q;; on I;j, for j =1,... ,JLL.

Proof. On every interval I;; the residual component R;(U,-) is orthogonal to
P%i~1(I;;). Since the conditions assumed in the statement of the lemma guarantee
that the residual is a polynomial of degree ¢;; on every interval I;;, it is clear that
on every such interval it is the g;jth-order Legendre polynomial (or a multiple
thereof). 0

Even if the rather strict conditions of this lemma do not hold, we can say some-
thing similar. The following lemma restates this property in terms of approximations
of the residual.

LEMMA 6.8. Let R be the local L%-projection of the mcG(q) residual R onto
the trial space, i.e., éz( 1, s the L*(Ii;)-projection onto P4 (I;;) of Ri(U,)|r,,
j=1...,M;,i=1,... ,N. Then everyR(U Ir.
degree q;j.

is a Legendre polynomial of

Lij
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Proof. Since R;(U,-) is the L2-projection of R;(U,-) onto P (I;;) on I;;, we have

/I:Zi(U,~)vdt:/ Ri(U, ) dt =0

Ii; Lij

for all v € P%i—1(I;;), so that R;(U,-) is the g;jth-order Legendre polynomial on
Iij. u]

To prove the corresponding results for the discontinuous method, we first note
some basic properties of Radau polynomials.

LEMMA 6.9. Let P, be the gth-order Legendre polynomial on [—1,1]. Then the
qth-order Radau polynomial, Qq(x) = (Py(x) + Py1(x))/(x + 1), has the following
property:

(6.28) j [1 Q@)@+ 1) dz =0

forp=1,...,q. Com)ersely, if f is a polynomial of degree q on [—1,1] and has the
property (6.28), i.e., f f)(x+1)P dz =0 for p=1,...,q, then f is a Radau
polynomial.

Pmof We can write the gth-order Legendre polynomial on [—1,1] as Py(z) =

,2q D9((2? — 1)7). Thus, integrating by parts, we have
I = fi Py (l)tlrgﬂ(l)(‘LJrl)p dx
= ,12(, f DI((2? = 1)? + z(2? — 1)9)(x + 1)P~! dx
= ,2,) f DI((z +1)(2® - 1)) (z +1)P~! do
= ﬁ - .LID‘? P((x +1)(2? — 1)) DP(x + 1)P~! dz = 0,

since D!((z + 1)(z® — 1)7) is zero at —1 and 1 for [ < ¢. Assume now that f is
a polynomial of degree ¢ on [—1,1] with the property (6.28). Since {(z + 1)? p 1
are linearly independent on [—1,1] and orthogonal to the Radau polynonual Qq»
{Qq(@),(z + 1), (x + 1)%,...,(z + 1)7} form a basis for P4([—1,1]). If then f is
orthogonal to the subspace spanned by {(z+ I)P}Ig:l, we must have f = ¢Q, for some
constant ¢, and the proof is complete. O

LEMMA 6.10. If, fori=1,... N, f; = f;(U(t),t) = fi(Ui(t),t) and f; is linear
or, alternatively, f = f(U(t),t) is linear and all components have the same time-
steps and order, then every component R;(U,-) of the mdG(q) residual is a Radau
polynomial of order q;; on I; for j =1,... 7]\[,.

Proof. Note first that by assumption the residual R;(U, -) is a polynomial of degree
qij on I;j. By the Galerkin orthogonality, we have

0= / RZ(U, ')’l} dt + [Ui]tjflv(tz’]fl) Yo € P (Ii]),
1,

ij

which holds especially for v(t) = (t —t; j_1)? with p = 1,... , ¢, for which the jump
terms disappear. Rescaling to [—1,1], it follows from Lemma 6.9 that the residual
R;(U,-) must be a Radau polynomial on I;;. u}

Also for the discontinuous method there is a reformulation in terms of approxi-
mations of the residual.

LEMMA 6.11. Let R be the local L?-projection of the mdG(q) residual R onto
the trial space, i.e., R;(U, 1., is the L*(I;;)-projection onto P% (I;;) of R;(U,)

Iy
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s 51 52 53 54 t 5 s s 6

Fic. 6.1. The Legendre-polynomial residual of the mcG(q) method (left) and the Radau-
polynomial residual of the mdG(q) method (right), for polynomials of degree five, i.e., methods
of order 10 and 11, respectively.

j=1,...,M;,i=1,... ,N. Then every 1’:21'(U7 ‘)|z, is a Radau polynomial of degree
Qij- 5

Proof. Since R;(U,-) is the L2-projection of R;(U, -) onto P% (I;;) on I;, it follows
from the Galerkin orthogonality that

/ Ri(U, v dt = / Ri(U, v dt =0

J1; I

for any v(t) = (t — t;;—1)” with 1 < p < ¢. From Lemma 6.9 it then follows that
R;i(U,-) is a Radau polynomial on I;;. D

We thus know that the mcG(q) residuals are (in the sense of Lemma 6.8) Legendre
polynomials on the local intervals and that the mdG(g) residuals are (in the sense of
Lemma 6.11) Radau polynomials. This is illustrated in Figure 6.1.

From this information about the residual, we now choose the interpolant. Assume
that the polynomial order of the method on some interval is ¢ for the continuous
method. Then the dual should be interpolated by a polynomial of degree ¢ —1, i.e., we
have freedom to interpolate at exactly ¢ points. Since a gth-order Legendre polynomial
has ¢ zeros on the interval, we may choose to interpolate the dual exactly at those
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points where the residual is zero. This means that if the dual can be approximated
well enough by a polynomial of degree g, the product R;(U,-)(¢; — mrp;) does not
change sign on the interval.

For the discontinuous method, we should interpolate the dual with a polynomial
of degree g, i.e., we have freedom to interpolate at exactly ¢ + 1 points. To get rid
of the jump terms that are present in the error representation for the discontinuous
method, we want to interpolate the dual at the beginning of every interval. This
leaves ¢ degrees of freedom. We then choose to interpolate the dual at the ¢ points
within the interval where the Radau polynomial is zero.

As a result, we may choose the interpolant in such a way that we have

(6.29)

[Lorg@)l =Y [ RiU.)pi—meeps) di| = Zai_;/ |Ri (U, ) (i — mrepi)| dt,
i

s I

with a;; = £1, for both the mcG(g) method and the mdG(g) method (but the
interpolants are different). Notice that the jump terms for the discontinuous method
have disappeared.

There is now a simple way to compute the integrals _[I” Ri(U, ) (i — miips) di.
Since the integrands are, in principle, products of two polynomials for which we know
the positions of the zeros, the product is a polynomial with known properties. There
are then constants Cy (which can be computed numerically), depending on the order
and the method, such that

(6.30) /] [Ri(U, )i — mepi)| dt = Cy, kij |Ri(U, )| 0i (ki) — mrepi(ty;)]-
Ju,

Finally, note that there are “computational” counterparts also for the estimates
of type E3 in Theorems 6.5 and 6.6, namely

[Lorgle)l < Zij f(u [Ri(U. )pi — mweps| dt
(6.31) = X ok IR(U ) [y, w7 lpi — el dt
< Zfil S;max;_1,... a1, Cé”kg;” [R:(U. )],
with §; = f“T A%\gol — mrepi| dt for the continuous method and similarly for the

discontinuous method.

6.7. The total error. The total error is composed of three parts—the Galerkin
error, Eg, the computational error, E¢ and the quadrature error, Eq:

(6.32) [Lorg(e)] < Eq+ Ec + Eq.

As an example, choosing estimate F3 of Theorems 6.5 and 6.6 we have the following
(approximate) error estimate for the meG(q) method:

N
i i alo] alo
(6.33) \Lw,g(e)\S;[S}“l[ﬂg%{cﬂkf m}+5,[]I[g:a;]t\ﬁf\+5,[]r[g.a%>](l72?\ ;
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for the mdG(g) method we have

(6.34)
N
Loyl Z [s[‘“” {c k2, } + s[‘” max IRS| + 5[01 max IR .

These estimates containing Galerkin errors, computational errors, and quadrature
errors also include numerical round-off errors (included in the computational error).
Modelling errors could also be similarly accounted for since these are closely related
to quadrature errors, in that both errors can be seen as arising from integrating the
wrong right-hand side.

The true global error may thus be estimated in terms of computable stability
factors and residuals. We expect the estimate for the Galerkin error, Eg, to be quite
sharp, while Ec and Eg may be less sharp. Even sharper estimates are obtained
using estimates Fy, Eq, or Ey of Theorems 6.5 and 6.6.

6.8. An a posteriori error estimate for the dual. We conclude this section
by proving a computable a posteriori error estimate for the dual problem. To compute
the stability factors used in the error estimates presented above, we solve the dual
problem numerically, and we thus face the problem of estimating the error in the
stability factors.

To demonstrate how relative errors of stability factors can be estimated using the
same technique as above, we compute the relative error for the stability factor S, (T),
defined as

T
(6.35) S = swp [l ar
[le(T)||=1

for a computed approximation ¢ of the dual solution .

To estimate the relative error of the stability factor, we use the error representa-
tion of Theorem 6.1 to represent the L' ([0, T],RY)-error of ® in terms of the residual
of ® and the dual of the dual, w. In [28] we prove the following lemma, from which
the estimate follows.

LEMMA 6.12. Let ¢ be the dual solution with stability factor S,(t), i.e., with
data ||p(t)|| = 1 specified at time t, and let w be the dual of the dual. We then have
the following estimate:

(6.36) lw@®)| < Su(T —1t) vt € [0,T7].
THEOREM 6.13. Let ® be a continuous approzimation of the dual solution with

residual Re, and assume that Sy (t)/S,(T) is bounded by C on [0,T]. Then the
following estimate holds for the relative error of the stability factor Se(T):

(6.37) 156(T) — S,(T)|/S,(T) < C / |Re| dt,

and for many problems we may take C = 1.
Proof. By Corollary 6.3, we have an expression for the L'([0, 7], RV )-error of the
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dual, so that

1S2(1) = Sp(m)| = |y 121 de = J; ]
(6:38) = Qe = llel) | < [ 1@~ ol at

H‘I) @l (o.1),rm) —fo (Re,w(T —-)) dt
Iy 1Rl (T = )| dt.

With C defined as above it now follows by Lemma 6.12 that

IN

|S8(T) - S,(T)| < C / IRo| dt S,(T),

and the proof is complete. u}
Remark 6.3. We also have to take into account quadrature errors when evaluating
(6.35). This can be done in many ways; see, e.g., [9].

Appendix A. Derivation of the methods.
This section contains some details left out of the discussion of section 4.

A.1. The mcG(q) method. To rewrite the local problem in a more explicit
form, let {s,}!_, be a set of nodal points on [0, 1], with sp = 0 and s, = 1. A good
choice for the ¢G(g) method is the Lobatto points of [0,1]. Now, let 7;; be the linear
mapping from the interval I;; to (0, 1], defined by

(A1) 7i;(t) =

and let {)\7, 4 _o be the {s,}1_, Lagrange basis functions for P%([0,1]) on [0,1], i.c.,

gy = (5=50) (s = sn1)(s = Snt1) -~ (s = 59)
(42) M) (5n = 50) -+ (50— $n—1)(5n = Sn11) -+ (50 — 5¢)

We can then express U; on I;; in the form

(A.3) Z&m[ 9i3l(735(1)),

n=0

]

and choosing the )\%71 as test functions we can formulate the local problem (4.3) as

follows: Find {&;jn }aZ,, with &jo = & j—1,¢,,_,» Such that for m =0,... ,¢; — 1
(A.4)
qij
/ Z&m o [ e (t))} Mais=U (5 (1)) dt = / LU @), )Nz =1 (7,5(2)) dt.
Tii n=0

To simplify the notation, we drop the ;; subindices and assume that the time-interval
is [0, k], keeping in mind that, although not visible, all other components are present
in f. We thus seek to determine the coefficients {¢,}2_; with & given, such that for
m=1,...,q we have

(5 et [ AeoWew a= [ e
n=0
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or simply

q
(A.6) ZH’E%]’II n = bm,

n=1
where

(A7) = [ MO0 @
and

(A.8) b, 7/ f/\m 1 dt — amo&o.

la]

We explicitly compute the inverse Al4 = (@mn) of the matrix Ald = (a[&]n)‘ Thus,

switching back to the full notation, we get

(A9) &ijm = —Co Zanm.anﬂ +/ wlfidd(ryg(0) LU, 1) dt,  m=1,...,q5,

n=1 ij

where the weight functions {w }q _, are given by

(.10 Wl = S met g
n=1

Following Lemma A.1 below, this relation may be somewhat simplified.
LEMMA A.1. For the mcG(q) method, we have

Z althano = —1.

n=1

Proof. Assume the interval to be [0,1]. The value is independent of f so we may
take f = 0. We thus want to prove that if f = 0, then &, = & forn = 1,... ,q,
i.e., U=Uj on [0, 1] since {)\,L 1_o is a nodal basis for P4([0, 1]). Going back to the
Galelkm orthogonality (4.4), this amounts to showing that if

1
/Uv dt=0  VYvePr(0,1)),
0

with U € P9([0,1]), then U is constant on [0,1]. This follows by taking v = U.
Thus, &, =& forn =1,... ,q, so that the value of Z?L:l &Lﬁl,,]nang must be —1. This
completes the proof. D

The mcG(g) method thus reads as follows: For every local interval I, find
{&ijntaZy, with &jo = & j—1.4,,_,, Such that

(A1) g,;_,m:ajwf Wl (ry (1) FUG) dt,  m=1,... i

ij

for certain weight functions {wl?}?,_,  P4=1(0,1), and where the initial condition
is specified by oo = u;(0) for i =1,.

The weight functions may be computed analytically for small ¢, and for general
q they are easy to compute numerically.
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A.2. The mdG(q) method. We now make the same ansatz as for the contin-
uous method,

(A12) Us(t) = D i M9 (735(1)),
n=0

where the difference is that we now have ¢ + 1 degrees of freedom on every interval,
since we no longer have the continuity requirement for the trial functions. We make
the assumption that the nodal points for the nodal basis functions are chosen so that

(A.13) sg=1,

i.e., the end-point of every subinterval is a nodal point for the basis functions.
With this ansatz, we get the following set of equations for determining {ﬁij,,,}f;io:

(A.14)
ij ij
<Z fz]n ‘71! 5“0> q” / Z fun [ sz (0)} )‘LZ,”](TL'J' (f)) dt
Tij n=0
(A15) — [ W@, 02 (1) e
I
form =0,...,q;, where we use &;jo to denote & j_1,4, ;_,, i.e., the value at the right

end-point of the previous interval. To simplify the notation, we drop the subindices
;; again and rewrite to [0, k]. We thus seek to determine the coefficients {&,}7_ such
that for m =0,...,q we have

(A.16)
. ok

(an > Ao +Zénk/ Al A2 (r()) dt:/o Nz (@) dt,
or simply

q
(A.17) D alihén = bu,

n=0
where

1

(A.18) alth = [ 3N de+ NP O O
and
(A.19) qlf/ A (7 (1)) dt + €5 A9(0).

Now, let Al7) be the (g+1) x (g+1) matrix Al4 = (a[ﬂb]n) with inverse A9 = (a,[i’)n).
Then, switching back to the full notation, we have

(A.20)

q
Eijm = Ejo Y A A(0) + / wltd (rj (1) fiU ), 0) dt,  m=0,... g
n=0

ij



MULTI-ADAPTIVE GALERKIN METHODS FOR ODEs I

where the weight functions {'w,[f] 7_, are given by

q
(A.21) wld Z ld \lal m=0,...,q.
As for the continuous method, this may be somewhat simplified.

LEMMA A.2. For the mdG(q) method, we have

a

S ald Ado)=1.

n=0
Proof. As in the proof for the meG(g) method, assume that the interval is [0, 1].
Since the value of the expression is independent of f we can take f = 0. We thus want

to prove that if f = 0, then the solution U is constant. By the Galerkin orthogonality,
we have

1
[U]ov(0) + / Uvdt=0  YovePi0,1),
Jo

with U € P1(0,1). Taking v =U — U(0™), we have

0

([o+foUU())d(]+fUU(0))
= (U =UO)*+ 35U -U07))?

so that [U]g = 0. Now take v = U. This gives fol(U)2 dt = 0. Since then both
[U)o = 0and U = 0 on [0,1], U is constant and equal to U(0~), and the proof is
complete. u}

The mdG(g) method thus reads as follows: For every local interval I;;, find
{fi,jn}g[]:oa such that for m = 0,... ,¢; we have

(A.22) Coim = €0 + / Wl (1)) U ) dt

for certain weight functions {’uh[f o C P40,1).

n=
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Abstract. Continuing the discussion of the multi-adaptive Galerkin methods mcG(g) and
mdG(q) presented in [A. Logg, SIAM J. Sci. Comput., 24 (2003), pp. 1879-1902], we present
adaptive algorithms for global error control, iterative solution methods for the discrete equations,
features of the implementation Tanganyika, and computational results for a variety of ODEs. Ex-
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1. Introduction. In this paper we apply the multi-adaptive Galerkin methods
mcG(g) and mdG(g), presented in [10], to a variety of problems chosen to illustrate
the potential of multi-adaptivity. Throughout this paper, we solve the ODE initial
value problem

wit) = flu(t)t), te0,T],
(L.1) {u([)) =

where u : [0,7] — RN, f: RN x (0,7] — RY is a given bounded function that is
Lipschitz continuous in u, ug € RY is a given initial condition, and T' > 0 a given
final time.

We refer to [10] for a detailed description of the multi-adaptive methods. Here
we recall that each component U;(t) of the approximate solution U(t) is a piecewise
polynomial of degree ¢; = ¢;(t) on a partition of (0,7] into M; subintervals of lengths
kij =tij —tij—1,j=1,...,M;. On the interval I;; = (t; j—1,t;;], component U;(t) is
thus a polynomial of degree g¢;;.

Before presenting the examples, we discuss adaptive algorithms for global error
control and iterative solution methods for the discrete equations. We also give a short
description of the implementation Tanganyika.

2. Adaptivity. In this section we describe how to use the a posteriori error
estimates presented in [10] in an adaptive algorithm.

2.1. A strategy for adaptive error control. The goal of the algorithm is to
produce an approximate solution U(t) to (1.1) within a given tolerance TOL for the
error e(t) = U(t) —u(t) in a given norm || - ||. The adaptive algorithm is based on the
a posteriori error estimates, presented in [10], of the form

N M,

(2.1) lell < 3= Dk rigsig

i=1 j=1

*Received by the editors May 23, 2001; accepted for publication (in revised form) May 1, 2003;
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or
N

(2.2) el <> 8i m;ixkf]”ri],
i=1 ;

where {s;;} are stability weights, {S;} are stability factors (including interpolation
constants), r;; is a local measure of the residual R;(U,-) = U; — f(U,-) of the approx-
imate solution U(t), and where we have p;; = ¢;; for mcG(q) and p;; = ¢;; + 1 for
mdG(q).

We use (2.2) to determine the individual time-steps, which should then be chosen
as

TOL/N\ /7
29 w=(Tem)

We use (2.1) to evaluate the resulting error at the end of the computation, noting
that (2.1) is sharper than (2.2).

The adaptive algorithm may then be expressed as follows: Given a tolerance
TOL > 0, make a preliminary guess for the stability factors and then
(i) solve the primal problem with time-steps based on (2.3).

(ii) solve the dual problem and compute stability factors and stability weights.

(iii) compute an error estimate E based on (2.1).

(iv) if £ < TOL, then stop, and if not, go back to (i).

Although this seems simple enough, there are some difficulties involved. For
one thing, choosing the time-steps based on (2.3) may be difficult, since the residual
depends implicitly on the time-step. Furthermore, we have to choose the proper data
for the dual problem to obtain a meaningful error estimate. We now discuss these
issues.

oo

2.2. Regulating the time-step. To avoid the implicit dependence on k;; for
ri; in (2.3), we may try replacing (2.3) with

(2.4) iy = (M>/ .

Si Tij-1

Following this strategy, if the time-step on an interval is small (and thus also is the
residual), the time-step for the next interval will be large, so that (2.4) introduces
unwanted oscillations in the size of the time-step. We therefore try to be a bit more
conservative when choosing the time-step to obtain a smoother time-step sequence.
For (2.4) to work, the time-steps on adjacent intervals need to be approximately
the same, and so we may think of choosing the new time-step as the (geometric)
mean value of the previous time-step and the time-step given by (2.4). This works
surprisingly well for many problems, meaning that the resulting time-step sequences
are comparable to what can be obtained with more advanced regulators.

We have also used standard PID (or just PI) regulators from control theory with
the goal of satisfying

(2.5) Sik¥7r;; = TOL/N,
or, taking the logarithm with C; = log(TOL/(NS;)),

(2.6) pijlog kij +logri; = Cj,
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with maximal time-steps {k;;}, following work by Soderlind [15] and Gustafsson,
Lundh, and Séderlind [6]. This type of regulator performs a little better than the
simple approach described above, provided the parameters of the regulator are well
tuned.

2.3. Choosing data for the dual. Different choices of data ¢ and g for the
dual problem give different error estimates, as described in [10], where estimates for
the quantity

Lona(e) = (e(T).or) + / (e.9) dt

were derived. The simplest choices are g = 0 and (¢7); = 85, for control of the final
time error of the nth component. For control of the I>-norm of the error at final
time, we take g = 0 and pr = é(T)/||é(T)| with an approximation € of the error e.
Another possibility is to take ¢r = 0 and g;(t) = 8;, for control of the average error
in component n.

If the data for the dual problem are incorrect, the error estimate may also be
incorrect: with 7 (or g) orthogonal to the error, the error representation gives only
0 < TOL. In practice, however, the dual—or at least the stability factors—seems
to be quite insensitive to the choice of data for many problems so that it is, in fact,
possible to guess the data for the dual.

2.4. Adaptive quadrature. In practice, integrals included in the formulation
of the two methods mcG(g) and mdG(q) have to be evaluated using numerical quadra-
ture. To control the resulting quadrature error, the quadrature rule can be chosen
adaptively, based on estimates of the quadrature error presented in [10].

2.5. Adaptive order, g-adaptivity. The formulations of the methods include
the possibility of individual and varying orders for the different components, as well
as different and varying time-steps. The method is thus g-adaptive (or p-adaptive) in
the sense that the order can be changed. At this stage, however, lacking a strategy
for when to increase the order and when to decrease the time-step, the polynomial
orders have to be chosen in an ad hoc fashion for every interval. One way to choose
time-steps and orders could be to solve over some short time-interval with different
time-steps and orders, and optimize the choice of time-steps and orders with respect
to the computational time required for achieving a certain accuracy. If we suspect
that the problem will change character, we will have to repeat this procedure at a
number of control points.

3. Solving the discrete equations. In this section we discuss how to solve the
discrete equations that we obtain when we discretize (1.1) with the multi-adaptive
Galerkin methods. We do this in two steps. First, we present a simple explicit
strategy, and then we extend this strategy to an iterative method.

3.1. A simple strategy. As discussed in [10], the nonlinear discrete algebraic
equations for the mcG(g) method (including numerical quadrature) to be solved on
every local interval I;; take the form

qij
(B.1) Eogm = o+ by 3 0l (U (s1990)), 7 (61091), =1, g,

n=0
where {&;,}57 | are the degrees of freedom to be determined for component Uj(t)

on interval I;;, {w%f}{] f,‘j:l n—o are weights, {SL?”] (,Ifio are quadrature points, and 7;;
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maps I;; to (0,1]: 7;(t) = (t — tij—1)/(tij — tij—1). The discrete equations for the
mdG(g) method are similar in structure and so we focus on the meG(g) method.

The equations are conveniently written in fixed point form, so we may apply
fixed point iteration directly to (3.1); i.e., we make an initial guess for the values of
{fljm}(r]:f:h e.g., &ijm = &ijo form = 1,...,¢;;, and then compute new values for these
coefficients from (3.1), repeating the procedure until convergence.

Note that component U;(t) is coupled to all other components through the right-
hand side f; = fi(U,-). This means that we have to know the solution for all other
components in order to compute U;(t). Conversely, we have to know U;(t) to compute
the solutions for all other components, and since all other components step with
different time-steps, it seems at first very difficult to solve the discrete equations
(3.1).

As an initial simple strategy we may try to solve the system of nonlinear equations
(3.1) by direct fixed point iteration. All unknown values, for the component itself and
all other needed components, are interpolated or extrapolated from their latest known
values. Thus, if for component ¢ we need to know the value of component ! at some
time ¢;, and we only know values for component [ up to time ¢; < t;, the strategy is
to extrapolate U (t) from the interval containing ¢; to time ¢;, according to the order
of U;(t) on that interval.

In what order should the components now make their steps? Clearly, to update a
certain component on a specific interval, we would like to use the best possible values
of the other components. This naturally leads to the following strategy:

(3.2) The last component steps first.

This means that we should always make a step with the component that is closest
to time ¢ = 0. Eventually (or after one step), this component catches up with one
of the other components, which then in turn becomes the last component, and the
procedure continues according to the strategy (3.2), as described in Figure 3.1.

This gives an explicit time-stepping method in which each component is updated
individually once, following (3.2), and in which we never go back to correct mistakes.
This corresponds to fixed point iterating once on the discrete equations (3.1), which
implicitly define the solution. We now describe how to extend this explicit time-
stepping strategy to an iterative process, in which the discrete equations are solved
to within a prescribed tolerance.

3.2. An iterative method. To extend the explicit strategy described in the
previous section to an iterative method, we need to be able to go back and redo
iterations if necessary. We do this by arranging the elements—we think of an element
as a component U;(t) on a local interval I;;—in a time-slab. This contains a number of
elements, a minimum of N elements, and moves forward in time. On every time-slab,
we have to solve a large system of equations, namely, the system composed of the
element equations (3.1) for every element within the time-slab. We solve this system
of equations iteratively, by direct fixed point iteration, or by some other method as
described below, starting from the last element in the time-slab, i.e., the one closest to
t = 0, and continuing forward to the first element in the time-slab, i.e., the one closest
to t = T'. These iterations are then repeated from beginning to end until convergence,
which is reached when the computational residuals, as defined in [10], on all elements
are small enough.

3.3. The time-slab. The time-slab can be constructed in many ways. One is by
dyadic partitioning, in which we compute new time-steps for all components, based
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Fic. 3.1. The last component steps first and all needed values are extrapolated or interpolated.

on residuals and stability properties, choose the largest time-step K as the length of
the new time-slab, and then, for every component, choose the time-step as a fraction
K /2". The advantage of such a partition are that the time-slab has straight edges; i.e.,
for every time-slab there is a common point in time ¢’ (the end-point of the time-slab)
which is an end-point for the last element of every component in the time-slab, and
that the components have many common nodes. The disadvantage is that the choice
of time-steps is constrained.

Another possibility is a rational partition of the time-slab. We choose the largest
individual time-step K as the length of the time-slab, and time-steps for the remaining
components are chosen as fractions of this large time-step, K/2, K/3, K/4, and so on.
In this way we increase the set of possible time-step selections, as compared to dyadic
partitioning, but the number of common nodes shared between different components
is decreased.

A third option is to not impose any constraint at all on the selection of time-
steps—except that we match the final time end-point. The time-steps may vary
also within the time-slab for the individual components. The price we have to pay
is that we have in general no common nodes, and the edges of the time-slab are
no longer straight. We illustrate the three choices of partitioning schemes in Figure
3.2. Although dyadic or rational partitioning is clearly advantageous in terms of easier
bookkeeping and common nodes, we focus below on unconstrained time-step selection.
In this way we stay close to the original, general formulation of the multi-adaptive
methods. We refer to this as the time-crawling approach.

3.4. The time-crawling approach. The construction of the time-slab brings
with it a number of technical and algorithmic problems. We will not discuss here the
implementational and data structural aspects of the algorithm—there will be much
to keep track of and this has to be done in an efficient way—but we will give a brief
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Fi1G. 3.2. Different choices of time-slabs. Top: a dyadic partition of the time-slab; middle: a
rational partition; bottom: a partition used in the time-crawling approach, where the only restriction
on the time-steps is that we match the final time end-point T.

account of how the time-slab is formed and updated.

Assume that in some way we have formed a time-slab, such as the one in Figure
3.3. We make iterations on the time-slab, starting with the last element and continuing
to the right. After iterating through the time-slab a few times, the computational
(discrete) residuals, corresponding to the solution of the discrete equations (3.1), on
all elements have decreased below a specified tolerance for the computational error,
indicating convergence.

For the elements at the front of the slab (those closest to time ¢t = T, the
values have been computed using extrapolated values of many of the other elements.
The strategy now is to leave behind only those elements that are fully covered by all
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Fic. 3.3. The time-slab used in the time-crawling approach to multi-adaptive time-stepping
(dark grey). Light grey indicates elements that have already been computed.

other elements. These are then cut off from the time-slab, which then decreases in
size. Before starting the iterations again, we have to form a new time-slab. This will
contain the elements of the old time-slab that were not removed, and a number of new
elements. We form the new time-slab by requiring that all elements of the previous
time-slab be totally covered within the new time-slab. In this way we know that every
new time-slab will produce at least N new elements. The time-slab is thus crawling
forward in time rather than marching.

An implementation of the method then contains the three consecutive steps de-
scribed above: iterating on an existing time-slab, decreasing the size of the time-slab
(cutting off elements at the end of the time-slab, i.e., those closest to time ¢ = 0), and
incorporating new elements at the front of the time-slab.

Remark 3.1. Even if an element within the time-slab is totally covered by all
other elements, the values on this element still may not be completely determined, if
they are based on the values of some other element that is not totally covered, or if
this element is based on yet another element that is not totally covered, and so on. To
avoid this, one can impose the requirement that the time-slabs should have straight
edges.

3.5. Diagonal Newton. For stiff problems the time-step condition required for
convergence of direct fixed point iteration is too restrictive, and we need to use a more
implicit solution strategy.

Applying a full Newton’s method, we increase the range of allowed time-steps and
also the convergence rate, but this is costly in terms of memory and computational
time, which is especially important in our setting, since the size of the slab may often
be much larger than the number of components, N (see Figure 3.3). We thus look for
a simplified Newton’s method which does not increase the cost of solving the problem,
as compared to direct fixed point iteration, but still has some advantages of the full
Newton’s method.

Consider for simplicity the case of the multi-adaptive backward Euler method,
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i.e., the mdG(0) method with end-point quadrature. On every element we then want
to solve

(3:3) Uij = Ui j—1 + kij fs(U(tij), tij).

In order to apply Newton’s method we write (3.3) as

(3.4) F(V)=0

with Fy(V) = Usj — Us j—1 — kij fi(U(tij), ti;) and V; = U;;. Newton’s method is then
(3.5) vl vy (FI(VY) TRV,

We now simply replace the Jacobian with its diagonal so that for component i we
have
U —Us 1 — ki fs
+1 _rn ij i ijJi
(3.6) vt =Uj; - ST F—

ij Du;

with the right-hand side evaluated at V". We now note that we can rewrite this as

(B.7) UL =Ul—0UL = U jr = kisfi) = L= 0)Up + 0(Uij 1 + ki fi)

ij
with
1

=
1— k5l

(3.8)

so that we may view the simplified Newton’s method as a damped version, with
damping 6, of the original fixed point iteration.

The individual damping parameters are cheap to compute. We do not need to
store the Jacobian and we do not need linear algebra. We still obtain some of the
good properties of the full Newton’s method.

For the general meG(gq) or mdG(g) method, the same analysis applies. In this
case, however, when we have more degrees of freedom to solve for on every local
element, 1 — k;; gf will be a small local matrix of size ¢ x ¢ for the mcG(g) method
and size (¢ + 1) x (¢ + 1) for the mdG(g) method.

3.6. Explicit or implicit. Both mcG(g) and mdG(q) are implicit methods since
they are implicitly defined by the set of equations (3.1) on each time-slab. However,
depending on the solution strategy for these equations, the resulting fully discrete
scheme may be of more or less explicit character. Using a diagonal Newton’s method
as in the current implementation of Tanganyika, we obtain a method of basically
explicit nature. This gives an efficient code for many applications, but we may expect
to meet difficulties for stiff problems.

3.7. The stiffness problem. In a stiff problem the solution varies quickly inside
transients and slowly outside transients. For accuracy the time-steps will be adap-
tively kept small inside transients and then will be within the stability limits of an
explicit method, while outside transients larger time-steps will be used. Outside the
transients the diagonal Newton’s method handles stiff problems of sufficiently diago-
nal nature. Otherwise the strategy is to decrease the time-steps whenever needed for
stability reasons. Typically this results in an oscillating sequence of time-steps where
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a small number of large time-steps are followed by a small number of stabilizing small
time-steps.

Our solver Tanganyika thus performs like a modern unstable jet fighter, which
needs small stabilizing wing flaps to follow a smooth trajectory. The pertinent ques-
tion is then the number of small stabilizing time-steps per large time-step. We ana-
lyze this question in [3] and show that for certain classes of stiff problems it is indeed
possible to successfully use a stabilized explicit method of the form implemented in
Tanganyika.

3.8. Preparations. There are many “magic numbers” that need to be computed
in order to implement the multi-adaptive methods, such as quadrature points and
weights, the polynomial weight functions evaluated at these quadrature points, etc.
In Tanganyika, these numbers are computed at the startup of the program and stored
for efficient access. Although somewhat messy to compute, these are all computable
by standard techniques in numerical analysis; see, e.g., [13].

3.9. Solving the dual problem. In addition to solving the primal problem
(1.1), we also have to solve the continuous dual problem to obtain error control. This
is an ODE in itself that we can solve using the same solver as for the primal problem.

In order to solve this ODE, we need to know the Jacobian of f evaluated at a
mean value of the true solution u(t) and the approximate solution U(t). If U(t) is
sufficiently close to u, which we will assume, we approximate the (unknown) mean
value by U(t). When solving the dual, the primal solution must be accessible, and the
Jacobian must be computed numerically by difference quotients if it is not explicitly
known. This makes the computation of the dual solution expensive. Error control
can, however, be obtained at a reasonable cost: for one thing, the dual problem does
not have to be solved with as high a precision as the primal problem; a relative error
of, say, 10% may be disastrous for the primal, whereas for the dual this only means
that the error estimate will be off by 10%, which is acceptable. Second, the dual
problem is linear, which may be taken into account when implementing a solver for
the dual. If we can afford the linear algebra, as we can for reasonably small systems,
we can solve the discrete equations directly without any iterations.

4. Tanganyika. We now give a short description of the implementation of the
multi-adaptive methods, Tanganyika, which has been used to obtain the numerical
results presented below.

4.1. Purpose. The purpose of Tanganyika [12] is to be a working implementa-
tion of the multi-adaptive methods. The code is open-source (GNU GPL [1]), which
means that anyone can freely review the code, which is available at http://www.phi.
chalmers.se/tanganyika/. Comments are welcome.

4.2. Structure and implementation. The solver is implemented as a C/C++
library. The C++ language makes abstraction easy, which allows the implementation
to follow closely the formulation of the two methods. Different objects and algorithms
are thus implemented as C++ classes, including Solution, Element, cGqElement,
dGgElement, TimeSlab, ErrorControl, Galerkin, Component, and so on.

5. Applications. In this section, we present numerical results for a variety of
applications. We discuss some of the problems in detail and give a brief overview of
the rest. A more extensive account can be found in [11].
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Fic. 5.1. A mechanical system consisting of N =5 masses attached with springs.

5.1. A simple test problem. To demonstrate the potential of the multi-adaptive
methods, we consider a dynamical system in which a small part of the system oscil-
lates rapidly. The problem is to accurately compute the positions (and velocities) of
the N point-masses attached with springs of equal stiffness, as in Figure 5.1.

If we choose one of the masses to be much smaller than the others, m; = 10~*
and mg = mg = --- = my = 1, then we expect the dynamics of the system to be
dominated by the smallest mass, in the sense that the resolution needed to compute
the solution will be completely determined by the fast oscillations of the smallest
mass.

To compare the multi-adaptive method with a standard method, we first compute
with constant time-steps k = ko using the standard ¢G(1) method and measure the
error, the cpu time needed to obtain the solution, the total number of steps, i.e.,
M = Zil M;, and the number of local function evaluations. We then compute the
solution with individual time-steps, using the mcG(1) method, choosing the time-steps
k; = ko for the position and velocity components of the smallest mass, and choosing
k; = 100k, for the other components (knowing that the frequency of the oscillations
scales like 1/y/m). For demonstration purposes, we thus choose the time-steps a priori
to fit the dynamics of the system.

We repeat the experiment for increasing values of N (see Figure 5.2) and find
that the error is about the same and constant for both methods. As N increases, the
total number of time-steps, the number of local function evaluations (including also
residual evaluations), and the cpu time increase linearly for the standard method, as
we expect. For the multi-adaptive method, on the other hand, the total number of
time-steps and local function evaluations remains practically constant as we increase
N. The cpu time increases somewhat, since the increasing size of the time-slabs
introduces some overhead, although not nearly as much as for the standard method.
For this particular problem the gain of the multi-adaptive method is thus a factor NV,
where N is the size of the system, so that by considering a large-enough system, the
gain is arbitrarily large.

5.2. The Lorenz system. We consider now the famous Lorenz system,

i = oly—a),
(5.1) y = re—y-—az,
z = zy-—bz,

with the usual data (2(0),y(0),2(0)) = (1,0,0), o = 10, b = 8/3, and r = 28; see
[5]. The solution u(t) = (z(t),y(t), 2(t)) is very sensitive to perturbations and is often
described as “chaotic.” With our perspective this is reflected by stability factors with
rapid growth in time.
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F1G. 5.2. Error, cpu time, total number of steps, and number of function evaluations as function
of the number of masses for the multi-adaptive cG(1) method (dashed lines) and the standard cG(1)
method (solid lines).
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F1G. 5.3. On the right is the trajectory of the Lorenz system for final time T = 40, computed with
the multi-adaptive cG(5) method. On the left is a plot of the time variation of the three components.

The computational challenge is to solve the Lorenz system accurately on a time-
interval [0, 7] with T" as large as possible. In Figure 5.3 is shown a computed solution
which is accurate on the interval [0,40]. We investigate the computability of the
Lorenz system by solving the dual problem and computing stability factors to find
the maximum value of T. The focus in this section is not on multi-adaptivity—we
will use the same time-steps for all components, and so mcG(q) becomes cG(g)—but
on higher-order methods and the precise information that can be obtained about the
computability of a system from solving the dual problem and computing stability
factors.

As an illustration, we present in Figure 5.4 solutions obtained with different meth-
ods and constant time-step k = 0.1 for all components. For the lower-order methods,
¢G(5) to ¢cG(11), it is clear that the error decreases as we increase the order. Starting
with the ¢G(12) method, however, the error does not decrease as we increase the
order. To explain this, we note that in every time-step a small round-off error of size
~ 10710 is introduced if the computation is carried out in double precision arithmetic.
These errors accumulate at a rate determined by the growth of the stability factor
for the computational error (see [10]). As we shall see below, this stability factor
grows exponentially for the Lorenz system and reaches a value of 100 at final time
T = 50, and so at this point the accumulation of round-off errors results in a large
computational error.
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- FiG. 5.5. The stability factor for computational and quadrature errors, as function of time for
the Lorenz system.

60 70 80 90 100
‘ ‘ ‘ ‘ 5.2.1. Stability factors. We now investigate the computation of stability fac-
B tors for the Lorenz system. For simplicity we focus on global stability factors, such
I I ) I I as
60 70 80 90 100 T
" ‘ LT R (5.2) sld(ry = max / D) dt,
=1 Jo
: ‘ MR where ¢(t) is the solution of the dual problem obtained with ¢(T") = v (and g = 0).
60 70 80 90 100 Letting ®(¢) be the fundamental solution of the dual problem, we have
T T T T
: T T T -
] (5.3) max [ [|®@(t)v| dt < / max || ()| dt = / | @D ()] dt=S8l(T).
] wli=1Jo o lvl=1 o
| . . .
69 7‘0 BP 9‘0 100 This gives a bound Sl4(T)) for S19(T), which for the Lorenz system turns out to be
: quite sharp and which is simpler to compute since we do not have to compute the
7 maximum in (5.2).
iR o e In Figure 5.5 we plot the growth of the stability factor for ¢ = 0, corresponding to
60 70 80 90 100 computational and quadrature errors as described in [10]. The stability factor grows
exponentially with time, but not as fast as indicated by an a priori error estimate.
F1G. 5.4. Solutions for the x-comp t of the Lorenz system with methods of different order, An a priori error estimate indicates that the stability factors grow as

using a constant time-step k = 0.1. Dotted lines indicate the point beyond which the solution is no
longer accurate.

(5.4) Slad(T) ~ A2eAT,
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where A is a bound for the Jacobian of the right-hand side for the Lorenz system. A
simple estimate is A = 50, which already at T = 1 gives SI%(T") ~ 10%2. In view of
this, we would not be able to compute even to 7' = 1, and certainly not to 7" = 50,
where we have S[(T) ~ 10’9, The point is that although the stability factors grow
very rapidly on some occasions, such as near the first flip at 7' = 18, the growth is not
monotonic. The stability factors thus effectively grow at a moderate exponential rate.

5.2.2. Conclusions. To predict the computability of the Lorenz system, we
estimate the growth rate of the stability factors. A simple approximation of this
growth rate, obtained from numerically computed solutions of the dual problem, is

(5.5) 5l9(T) ~ 4 - 10(a=8)+037T
or just
(5.6) Slal(T) ~ 1074773,

From the a posteriori error estimates presented in [10], we find that the computational
error can be estimated as

~ 5101 c
(5.7) Eo ~ SU(T) max R,

where the computational residual R is defined as

(5.8) RE(t) = ki] <U(ti]-) = Ul(tij-1) 7/1 fiU,) dt) .

With 16 digits of precision a simple estimate for the computational residual is %10_16,
ij
which gives the approximation

1
: Fe o~ 107/3 5 19—16 — 1gT/3-16
(59) c 0 min k,J 0 0 min k,J

With time-steps k;; = 0.1 as above we then have
(5.10) Eo ~ 1073715

and so already at time 7' = 45 we have E¢ ~ 1 and the solution is no longer accurate.
We thus conclude by examination of the stability factors that it is difficult to reach
beyond time 7' = 50 in double precision arithmetic. (With quadruple precision we
would be able to reach time T' = 100.)

5.3. The solar system. We now consider the solar system, including the Sun,
the Moon, and the nine planets, which is a particularly important n-body problem of
the form

(5.11) M = Z leml; G = @),

z; —z|?

where ;(t) = (z}(t), 22(t), 23(t)) denotes the position of body 4 at time ¢, m; is the
mass of body 4, and G is the gravitational constant.
As initial conditions we take the values at 00.00 Greenwich mean time on January

1, 2000, obtained from the United States Naval Observatory [2], with initial velocities
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FI1G. 5.6. Part of the dual of the solar system with data chosen for control of the error in the
position of the moon at final time.

obtained by fitting a high-degree polynomial to the values of December 1999. This
initial data should be correct to five or more digits, which is similar to the available
precision for the masses of the planets. We normalize length and time to have the space
coordinates per astronomical unit, AU, which is (approximately) the mean distance
between the Sun and Earth, the time coordinates per year, and the masses per solar
mass. With this normalization, the gravitational constant is 472,

5.3.1. Predictability. Investigating the predictability of the solar system, the
question is how far we can accurately compute the solution, given the precision in
initial data. In order to predict the accumulation rate of errors, we solve the dual
problem and compute stability factors. Assuming the initial data is correct to five or
more digits, we find that the solar system is computable on the order of 500 years.
Including also the Moon, we cannot compute more than a few years. The dual solution
grows linearly backward in time (see Figure 5.6), and so errors in initial data grow
linearly with time. This means that for every extra digit of increased precision, we
can reach 10 times further.

5.3.2. Computability. To touch briefly on the fundamental question of the
computability of the solar system, concerning how far the system is computable with
correct initial data and correct model, we compute the trajectories for Earth, the
Moon, and the Sun over a period of 50 years, comparing different methods. Since
errors in initial data grow linearly, we expect numerical errors as well as stability
factors to grow quadratically.
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FiG. 5.7. The growth of the error over 50 years for the Earth—Moon—Sun system as described
in the text.

In Figure 5.7 we plot the errors for the 18 components of the solution, com-
puted for £ = 0.001 with ¢G(1), ¢G(2), dG(1), and dG(2). This figure contains
much information. To begin with, we see that the error seems to grow linearly for
the ¢G methods. This is in accordance with earlier observations [4, 7] for periodic
Hamiltonian systems, recalling that the (m)cG(q) methods conserve energy [10]. The
stability factors, however, grow quadratically and thus overestimate the error growth
for this particular problem. In an attempt to give an intuitive explanation of the
linear growth, we may think of the error introduced at every time-step by an energy-
conserving method as a pure phase error, and so at every time-step the Moon is
pushed slightly forward along its trajectory (with the velocity adjusted accordingly).
Since a pure phase error does not accumulate but stays constant (for a circular orbit),
the many small phase errors give a total error that grows linearly with time.

Examining the solutions obtained with the dG(1) and dG(2) methods, we see
that the error grows quadratically, as we expect. For the dG(1) solution, the error
reaches a maximum level of ~ 0.5 for the velocity components of the Moon. The error
in position for the Moon is much smaller. This means that the Moon is still in orbit
around Earth, the position of which is still very accurate, but the position relative
to Earth, and thus also the velocity, is incorrect. The error thus grows quadratically
until it reaches a limit. This effect is also visible for the error of the ¢G(1) solution;
the linear growth flattens out as the error reaches the limit. Notice also that even if
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Fic. 5.8. The growth of the error over 5 years for the Earth—-Moon—Sun system computed with
the mcG(2) method, together with the multi-adaptive time-steps.

the higher-order dG(2) method performs better than the ¢G(1) method on a short
time-interval, it will be outrun on a long enough interval by the ¢G(1) method, which
has linear accumulation of errors (for this particular problem).

5.3.3. Multi-adaptive time-steps. Solving with the multi-adaptive method
mcG(2) (see Figure 5.8), the error grows quadratically. We saw in [10] that in order
for the meG(g) method to conserve energy, we require that corresponding position
and velocity components use the same time-steps. Computing with different time-
steps for all components, as here, we thus cannot expect to have linear error growth.
Keeping k?r; < tol with tol = 10719 as here, the error grows as 107472 and we are
able to reach T' ~ 100. Decreasing tol to, say, 107, we could instead reach 7" ~ 10°.

We investigated the passing of a large comet close to Earth and the Moon and
found that the stability factors increase dramatically at the time ¢’ when the comet
comes very close to the Moon. The conclusion is that if we want to compute accurately
to a point beyond ', we have to be much more careful than if we want to compute
to a point just before ¢'. This is not evident from the size of residuals or local errors.
This is an example of a Hamiltonian system for which the error growth is neither
linear nor quadratic.
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F1G. 5.9. A space-time plot of the solution (above) and time-steps (below) for the propagating
front problem, with time going to the right. The two parts of the plots represent the components for
the two species A1 (lower parts) and As (upper parts).

5.4. A propagating front problem. The system of PDEs

U —eu] = —ujuj,
(5'12) 7 " 2
U2 — €Uy = uuy

on (0,1) x (0,7] with € = 0.00001, T" = 100, and homogeneous Neumann boundary
conditions at © = 0 and # = 1 models isothermal autocatalytic reactions (see [14])
Ay + 245 — Ao + 2A5. We choose the initial conditions as

0, x < xo,
un(x,0) :{ 1, z>z2

with zo = 0.2 and us(2,0) = 1 — uy(z,0). An initial reaction where substance A; is
consumed and substance Aj is formed will then occur at x = xq, resulting in a decrease
in the concentration u; and an increase in the concentration us. The reaction then
propagates to the right until all of substance A; is consumed and we have u; = 0 and
u = 1 in the entire domain.

Solving with the mcG(2) method, we find that the time-steps are small only close
to the reaction front; see Figures 5.9 and 5.10. The reaction front propagates to the
right as does the domain of small time-steps.

It is clear that if the reaction front is localized in space and the domain is large,
there is a lot to gain by using small time-steps only in this area. To verify this, we
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F1G. 5.10. The concentrations of the two species Uy and Uz at time t = 50 as function of space
(above) and the corresponding time-steps (below).

compute the solution to within an accuracy of 1077 for the final time error with con-
stant time-steps k;(t) = ko for all components and compare with the multi-adaptive
solution. Computing on a space grid consisting of 16 nodes on [0, 1] (resulting in a
system of ODEs with 32 components), the solution is computed in 2.1 seconds on a
regular workstation. Computing on the same grid with the multi-adaptive method
(to within the same accuracy), we find that the solution is computed in 3.0 seconds.
More work is thus required to compute the multi-adaptive solution, and the reason
is the overhead resulting from additional bookkeeping and interpolation in the multi-
adaptive computation. However, increasing the size of the domain to 32 nodes on
[0,2] and keeping the same parameters otherwise, we find the solution is now more
localized in the domain and we expect the multi-adaptive method to perform better
compared to a standard method. Indeed, the computation using equal time-steps now
takes 5.7 seconds, whereas the multi-adaptive solution is computed in 3.4 seconds. In
the same way as previously shown in section 5.1, adding extra degrees of freedom
does not substantially increase the cost of solving the problem, since the main work
is done time-stepping the components, which use small time-steps.

5.5. Burger’s equation with moving nodes. As a final example, we present a
computation in which we combine multi-adaptivity with the possibility of moving the
nodes in a space discretization of a time-dependent PDE. Solving Burger’s equation,

(5.13) o+ pun —eu” =0,
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F1G. 5.11. The solution to Burger’s equation as function of space at t =0, t =T/2, and t =T.

on (0,1) x (0,7 with initial condition

- [ sin(rz/zg), 0<z <z,
(5.14) uo(w) = { 0 elsewhere,

and with g = 0.1, e = 0.001, and x¢ = 0.3, we find the solution is a shock forming near
x = . Allowing individual time-steps within the domain, and moving the nodes of
the space discretization in the direction of the convection, (1, pu), we make the ansatz

N
(5.15) Uz, t) =) &i(D)eilx,t),

i=1
where the {¢}, are the individual components computed with the multi-adaptive
method, and the {;(-,t)}Y, are piecewise linear basis functions in space for any
fixed ¢.

Solving with the mdG(0) method, the nodes move into the shock, in the direction

of the convection, so what we are really solving is a heat equation with multi-adaptive
time-steps along the streamlines; see Figures 5.11 and 5.12.

6. Future work. Together with the companion paper [10] (see also [9, 8]), this
paper serves as a starting point for further investigation of the multi-adaptive Galerkin
methods and their properties.
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Future work will include a more thorough investigation of the application of
the multi-adaptive methods to stiff ODEs, as well as the construction of efficient
multi-adaptive solvers for time-dependent PDEs, for which memory usage becomes an
important issue.
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MULTI-ADAPTIVE GALERKIN METHODS FOR ODES III:
EXISTENCE AND STABILITY

ANDERS LOGG

ABSTRACT. We prove existence and stability of solutions for the multi-
adaptive Galerkin methods mcG(q) and mdG(g), and their dual versions
mcG(q)* and mdG(g)*, including strong stability estimates for parabolic
problems. This paper is the third in a series devoted to multi-adaptive
Galerkin methods. In the companion paper [7], we return to the a priori
error analysis of the multi-adaptive methods. The stability estimates
derived in this paper will then be essential.

1. INTRODUCTION

This is part III in a sequence of papers [4, 5] on multi-adaptive Galerkin
methods, mcG(g) and mdG(g), for approximate (numerical) solution of
ODE:s of the form

(1.1)

w(t) = f(u(t),t), te(0,7T),
u(0) = uo,
where u : [0,7] — RY is the solution to be computed, ug € RN a given
initial condition, T > 0 a given final time, and f : RN x (0, 7] — RN a given
function that is Lipschitz-continuous in v and bounded.

The mcG(q) and mdG(g) methods are based on piecewise polynomial ap-
proximation of degree g on partitions in time with time steps which may vary
for different components U;(t) of the approximate solution U(t) of (1.1). In
part I and IT of our series on multi-adaptive Galerkin methods, we prove
a posteriori error estimates, through which the time steps are adaptively
determined from residual feed-back and stability information, obtained by
solving a dual linearized problem. In this paper, we prove existence and
stability of discrete solutions, which we later use together with special in-
terpolation estimates to prove a priori error estimates for the meG(q) and
mdG(¢) methods in part IV [7].

Date: March 15, 2004.

Key words and phrases. Multi-adaptivity, individual time steps, local time steps, ODE,
continuous Galerkin, discontinuous Galerkin, mcgq, mdgq, a priori error estimates, dual
methods, existence, strong stability, parabolic.

Anders Logg, Department of Computational Mathematics, Chalmers University of
Technology, SE-412 96 Goteborg, Sweden, email: logg@math.chalmers.se.
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1.1. Notation. For a detailed presentation of the multi-adaptive methods,
we refer to [4, 5]. Here, we only give a quick overview of the notation: Each
component U;(t), ¢ =1,..., N, of the approximate m(c/d)G(g) solution U (t)
of (1.1) is a piecewise polynomial on a partition of (0,77 into M; subintervals.
Subinterval j for component i is denoted by I;; = (t; j—1,t;;], and the length
of the subinterval is given by the local time step k;; = t;; —t; ;1. This is
illustrated in Figure 1. On each subinterval I;;, Us| I;; is a polynomial of
degree ¢;; and we refer to (I, Uilr,;) as an element.

Furthermore, we shall assume that the interval (0,7 is partitioned into
blocks between certain synchronized time levels 0 =Ty < T} < ... < Ty =
T. We refer to the set of intervals 7,, between two synchronized time levels
T,_1 and T,, as a time slab:

Ty ={Lij : Tho1 < tij—1 <ty < Tp}.

We denote the length of a time slab by K,, = T,, — T,,—1. We also refer to
the entire collection of intervals I;; as the partition 7.

RATA I —

0 Colky T
Pligor tij o
-

Tnfl Kn Tn

FIGURE 1. Individual partitions of the interval (0, 7] for dif-
ferent components. Elements between common synchronized
time levels are organized in time slabs. In this example, we
have N =6 and M = 4.

1.2. Outline of the paper. The first part of this paper is devoted to
proving existence of solutions for the multi-adaptive methods mcG(g) and
mdG(g), including the dual methods mcG(q)* and mdG(g)* obtained by
interchanging trial and test spaces, by proving (relevant) fixed point itera-
tions assuming the time steps are sufficiently small. The proof is constructive
and mimics the actual implementation of the methods. The multi-adaptive
ODE-solver Tanganyika, presented in [5], thus repeats the proof of existence
each time it computes a new solution.
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In the second part of this paper, we prove stability estimates, including
general exponential estimates for meG(q), mdG(g), meG(q)*, and mdG(q)*,
and strong stability estimates for parabolic problems for the mdG(g) and
mdG(g)* methods.

2. MULTI-ADAPTIVE GALERKIN AND MULTI-ADAPTIVE DUAL GALERKIN

2.1. Multi-adaptive continuous Galerkin, mcG(g). To formulate the
mcG(g) method, we define the trial space V and the test space V as

(2.1)
V={vec(0, TN :vlr, € P¥ (L), j=1,...,M;, i=1,...,N},
V={vivly, € P NI;), j=1,...,M;, i=1,...,N},

where P?(I) denotes the linear space of polynomials of degree ¢ on an inter-
val I. In other words, V' is the space of continuous piecewise polynomials of
degree ¢ = ¢;(t) = ¢;; > 1, t € I;;, on the partition 7, and V is the space of
(possibly discontinuous) piecewise polynomials of degree ¢ — 1 on the same
partition.

We now define the meG(g) method for (1.1) in the following way: Find
U € V with U(0) = ug, such that

T T
(2:2) /U(U,u)dt:/o (f(U,-),v)dt YveV,

where (-,-) denotes the RY inner product. If now for each local interval I;;
we take v, = 0 when n # i and v;(t) = 0 when ¢t ¢ I;;, we can rewrite
the global problem (2.2) as a sequence of successive local problems for each
component: For ¢ = 1,...,N, j = 1,...,M;, find Uil,; € P%(I;;) with
Ui(t;,j—1) given, such that

(2.3) / Uivdt:/ (U, wdt Yo € PETY(T;),
L J I

where the initial condition is specified for i = 1,..., N by U;(0) = u;(0).
~ We define the residual R of the approximate solution U by R;(U,t) =
Ui(t) — fi(U(t),t). In terms of the residual, we can rewrite (2.3) as

(2.4) / Ry(U,-yudt =0 Vv € PU~Y(I;),

ij

that is, the residual is orthogonal to the test space on each local interval.
We refer to (2.4) as the Galerkin orthogonality of the meG(g) method.

2.2. Multi-adaptive discontinuous Galerkin, mdG(q). For the mdG(q)
method, we define the trial and test spaces by

(2.5) V=V={viul, € P (), j=1,...,M;, i=1,...,N},

4 ANDERS LOGG

that is, both trial and test functions are (possibly discontinuous) piecewise
polynomials of degree ¢ = ¢;(t) = ¢;; > 0, t € I;;, on the partition 7. We
define the mdG(q) solution U € V' to be left-continuous.

We now define the mdG(g) method for (1.1) in the following way, similar
to the definition of the continuous method: Find U € V with U(07) = uy,
such that
(2.6)

N M;

2.2

i=1 j=1

where [U;]; j—1 = Us(t]
node t =t;; 1.

The mdG(g) method in local form, corresponding to (2.3), reads: For
i=1,...,N,j=1,..., M find Uj|r,; € P% (I;;), such that

27  [Uilij-—1v(tij-1) +/ Upvdt = / fi(U,yvdt Yo € P%(I;;),

ij

(Ui j-1vi(tf; ) /vadt /(f(U,-)w)dt Yo eV,

;1) — Ui(t;;_;) denotes the jump in U;(t) across the

where the initial condition is specified for i =1,..., N by U;(07) = u;(0).

In the same way as for the continuous method we define the residual R
of the approximate solution U by R;(U,t) = U;(t) — fi(U(t),t), defined on
the inner of each local interval I;;, and rewrite (2.7) in the form

(2.8) (Ui j—1v(t;_ 1) + / Ri(U, )vdt =0 Vv e P¥(I;;).

y I
We refer to (2.8) as the Galerkin orthogonality of the mdG(gq) method. Note
that the residual has two parts: one interior part R; and the jump term
(Uil j-1-

2.3. The dual problem. The motivation for introducing the dual problem
is for the a priori or a posteriori error analysis of the multi-adaptive methods.
For the a posteriori analysis, we formulate a continuous dual problem [4].
For the a priori analysis 7], we formulate a discrete dual problem in terms
of the dual multi-adaptive methods mcG(g)* and mdG(q)*.

The discrete dual solution ® : [0, 7] — R¥ is a Galerkin approximation of
the exact solution ¢ : [0, 7] — RY of the continuous dual backward problem

—¢(t) = J T (zu, U, t)é(t) + g(t), t€[0,T),
¢(T) =1

where 7u is an interpolant or a projection of the exact solution u of (1.1),
g:[0,T] — RY is a given function, 1) € R" is a given initial condition, and

(2.9)

(2.10) JT (7, U 1) (/ L (smult) + (1~ 5)U), t)ds)T,

that is, an appropriate mean value of the transpose of the Jacobian of the
right-hand side f(-,t) evaluated at mu(t) and U(t). Note that by the chain
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rule, we have
(2.11) J(muw, U, )(U — mu) = f(U,-) — f(mu,-).

2.4. Multi-adaptive dual continuous Galerkin, mcG(g)*. In the for-
mulation of the dual method of mcG(g), we interchange the trial and test
spaces of mcG(g). With the same definitions of V and V as in (2.1), we thus
define the meG(g)* method for (2.9) in the following way: Find ® € V with
®(T) =1, such that

T T
(2.12) /0 (6, ) dt /0 (T (7, U, Y0, ®) + Ly o (v),

for all v € V' with v(0) = 0, where

T
(2.13) Ly (v) = ((T),v) +/0 (v, g)dt.

Notice the extra condition that the test functions should vanish at ¢ = 0,
which is introduced to make the dimension of the test space equal to the
dimension of the trial space. Integrating by parts, (2.12) can alternatively
be expressed in the form

N M; T
(2.14) ZZ —[®ilijviti;) — / (Dividt:| :/0 (JT(WUa U, )®+g,v)dt.
i=1 j=1 ij

2.5. Multi-adaptive dual discontinuous Galerkin, mdG(q)*. For the
discontinuous method, we note that the trial and test spaces are identical.
With the same definitions of V and V as in (2.5), we define the mdG(q)*
method for (2.9) in the following way: Find ® € V with ®(TF) = 1, such
that

(2.15)
N M;

ZZ[[U, ij— 1D; (tz] 1)+/ 0;P; dt

:/T(J(ﬂ'u U, Jv,®)dt+ Ly 4(v),
i=1 j=1 0

for all v € V with v(07) = 0. Integrating by parts, (2.15) can alternatively
be expressed in the form

N M;

(216) >

i=1 j=1

—[®; ]Lﬂ}z ) / (DlUl dt:| - ‘/OT(JT (mu, U, )@ + g,v) dt.

ij

3. EXISTENCE OF SOLUTIONS

To prove existence of the discrete meG(q), mdG(q), meG(q)*, and mdG(g)*

solutions defined in the previous section, we formulate fixed point iterations
for the construction of solutions. Existence then follows from the Banach
fixed point theorem, if the time steps are sufficiently small. The proof is
thus constructive and gives a method for computing solutions (see [5]).

6 ANDERS LOGG

3.1. Multi-adaptive Galerkin in fixed point form. We start by proving
the following simple lemma.

Lemma 3.1. Let A be a d x d matriz with elements A, = ﬁ, and let
B be a d x d matriz with elements B, = ﬁ, form,n=1,...,d. Then,
det A # 0 and det B # 0.

Proof. To prove that A is nonsingular, we let p(t) = Z‘fl:l zont™ ! be a
polynomial of degree d — 1 on [0,1]. If for m =1,...,d, fol p(t)tmldt =0,
it follows that p = 0. Thus, Ziﬂ T = 0 for m = 1,...,d implies
x = 0, which proves that det A # 0. To prove that B is nonsingular, let
again p(t) = Z,dl Lxant™ L If for m = 1,...,d we have ﬁ)l p(t)t"™dt = 0,
take ¢(t) = Zm_l ymt"’, such that p and ¢ have the same zeros on [0,1]
and pq > 0. Then, fo pqdt = 0 but pg > 0 on [0,1] and so p = 0. Thus,
>t a?”m+n =0form=1,...,d implies z = 0, which proves that det B #

. O

To rewrite the methods in explicit fixed point form, we introduce a simple
basis for the trial and test spaces and solve for the degrees of freedom on
each local interval.

Lemma 3.2. The mcG(q) method for (1.1) in fized point form reads: For
i=1,...,N,j=1,...,M;, find {&;n}7 |, such that

(3.1) &ijn :fijoJr/[ wl«?”] (mi3 () f:(U(t), 1) dt,

with

o Gt >
f’w*{ w©), =1,

where {wlf 79 Pu=1((0,1)), Wit =1, and 7;(t) = (¢ — tij 1)/ (t; —
tij—1). A component Ui(t) of the solutwn is given on I;; by

i

Uit) = Y &) (1)),
n=0

where { Ay fais] &3, C Pui([0,1]) is the standard Lagrange basis on [0,1] with
t=0andt= 1 as two of its q;; + 1 > 2 nodal points.

Proof. Our starting point is the local formulation (2.3). Dropping indices
for ease of notation and rescaling to the interval [0, 1], we have

1, 1
/U’udt:/ fodt Yo e PIY[0,1)),
0 0
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with U € P?([0,1]). Let now {)\ 0 be a basis for P9([0, 1]). In terms of
this basis, we have U(t) = >.1_ ¢ (15)7 and so

an/ A1 gt = /fAi?Ll m=0,....q-1.
n=0 0

Since the solution is continuous, the value at ¢ = 0 is known from the
previous interval (or from the initial condition). This gives

q
0) =Y "&NA0) =&
n=0

if we assume that )\[Q]( 0) = don- The remaining ¢ degrees of freedom are
then determined by

Zé//\[‘ﬂ,\ /fA 5/ AU =1, q

n=1
If det ( fo q]/\[q U dt) # 0, this system can be solved for the degrees of
freedom (&1,...,&,). With )\L?](t) =", we have

1 1
det </ Ayl dt) = det (/ gl dt) = det (L) 20,
0 0 m+n-—1

by Lemma 3.1. Solving for (§1,...,&,), we obtain
1
Gu=alio+ [wlifdn n=1..q
0

where {w[‘ﬂ 4_, cPTY([0,1]) and & is deter-

mlned from the continuity requirement. For any other basis {/\[T, ) with

for some constants {a? }n b

(0 = dpn, We obtain a similar expression f01 the degrees of freedom by
a linear transformation. In particular, let {)\n _o be the Lagrange basis
functions for a partition of [0,1] with t = 0 as a nodal point. For f =0 it
is easy to see that the mcG(q) solution is constant and equal to its initial

value. It follows that akﬂ =1,n=1,...,q, and so

1
bo=&+ [ wlilfdt n=1...q
0

with U(1) = &, if also t = 1 is a nodal point. To see that wlf = 1, take
v =11in (2.3). The result now follows by rescaling to I;;. O

Lemma 3.3. The de(q) method for (1.1) in fized point form reads: For
i=1,...,N,j=1,...,M;, find {€;n}22,, such that

im =0+ / Wl (735 (0) (U (1), 1)

J
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with
£ = &ij—tai;1r J>1,
90 u;(0), i=1,

where {w "]}q'] C P%i([0,1]), wqq;’] =1, and 75(t) = (t — tij-1)/(tij —
tij—1). A component Uj(t) of the solution is given on I;; by

qij

Uit) = > € (73;(0)),
n=0
where { Ay fai] Vi < Ps([0,1]) ds the standard Lagrange basis on [0,1] with
t =1 as one of its ¢;; +1 > 1 nodal points.

Proof. In as similar way as in the proof of Lemma 3.2, we use (2.7) to obtain

(éo— &)X +Zg / Malyld gy — /f/\ dt, m=0,...,q.

n=0

With Al (t) =", these 1 + ¢ equations can be written in the form

£O+Z§n/ nt"ldt = /fdt+5g,

n=1 0 0
q 1 1
Zf"/ nt" At = /ftmdt, m=1,...,q,
n=1 0 0

which by Lemma 3.1 has a solution, since
& 1 n
det </ nt" ™ dt) = det < ) £0.
0 m+n

‘We thus obtain
1
&n = a[n‘?]éa +/ wL?]fdt, n=0,...,q.
0

By the same argument as in the proof of Lemma 3.2, we conclude that when
{’\[TLZ]}Z:O is the Lagrange basis for a partition of [0, 1], we have

1
sn:£a+/ wWifdt, n=0,...q
JO

with U(1) = & = & + fol fdtif t =1 is a nodal point. The result now
follows by rescaling to I;;. O

Lemma 3.4. The mcG(q)* method for (2. 9) in fired point form reads: For
i1=1,....N,j=M,;,...,1 ﬁnd{{,]nno,euchthat

63 Gt [ g@as [ al o) en.om

3
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where (@) = JT (.U, )® + g, (w155 € P ((0,1]), wlf)(0) =,
W 1) =1, n = 0,0 gy — 1, and () = (= tig1)/ (b — tig1). A
component ®;(t) of the solution is given on I;; by

qij—1

= Z fijn)\ggifl](Tz‘j(t))«,
n=0

where {)\%11]71]}%’;61 Cc Pu=Y([0,1]) is the standard Lagrange basis on [0, 1].

Proof. Our starting point is the definition (2.14). For any 1 < ¢ < N,
take v, = 0 when n # i and let v; be a continuous piecewise polynomial
that vanishes on [0,%; ;1] with v; = 1 on [t;;,T], see Figure 3.4. With
F5(®,) = J " (7u, U, -)® + g, we then have

M; T
Z |:7[q>i]ilvi (til> - / (bﬂ)i dt:| = / f:((q), )Ul dt‘
1= Iy tij—1

We integrate by parts, moving the derivative onto the test function, to get

_[q)i]ilvi(til) — / <I>Lvl dt = —[(DL],I’UL( ) [<I) ’UL] » +/1 @i’[)i dt

JIy

= O(tf,_ viltig—1) — %(ﬁ{)%(hl) +/ D;0; dt.
' Iy

Summing up, noting that v;(t; j_1) = 0, ¥; = 0 on [t;;, T] and q)i(txh) =,

we have
T
—w,; + / CI>,vZ dt = / fi*(q), )U1 dt,
I; t;

ij bij—1

or
/ Q,0; dt = éi]‘ + / 1@, v dt,
J I J1ij

with <i> =+ ft *(®,-) dt. Dropping indices and rescaling to the interval

[0,1], we obtain
/ dodt = / ffodt,
0

for all v € P4([0,1]) with v(0) = 0 and v(1) = 1. Let now {)\[ }q o bea
basis of P471([0,1]) and write ®(t) = Y7 _, Enx\[q 1 (t). Form=1,...,q,
we then have

1
Zﬁn/ )\,? 11] mt™ L dt = B(1) +/ fremdt.
0

n=1

10 ANDERS LOGG
If now det (fo (t)mtm 1dt> # 0, we can solve for (&1,...,&,). With
7‘3 f](t = "1, we have

. 1
[a=1] (), pm—1 — = 1ym—1 _ m
det </U A1 (t)ymt dt) det (/0 mt" Tt dt) det <m+n — 1) #0,
by Lemma 3.1. Solving for the degrees of freedom, we obtain
"1
& = ald®(1) +/ wdfrdt, n=1,...,q
0

By a linear transformation, we obtain a similar expression for any other
basis of P?([0,1]). For f* =0, it is easy to see that the mcG( )* solution

is constant and equal to its initial value. Thus, when {\; [o-1l }'1 U is the

standard Lagrange basis for a partition of [0,1], it follows that a[q] =1,
n=1,...,q, and so
1
& =2(1) +/ w,[?]]““dt7 n=1,...,q.
0
‘We note that w%l] (0)=0,n=1,...,q, since each wliﬂ is a linear combination
of the functions {t™}? _,. We also conclude that wl?! (1) =1, since wl? (1) =
aL] =1,n=1,...,q. The result now follows by rescaling to I;;. We also
relabel the degrees of freedom from (£1,...,&) to (o, ... ,&g—1)- O
v;(t)
| | | |
0 tiﬂ‘*] tiyj T

FIGURE 2. The special choice of test function used in the
proof of Lemma 3.4.

Lemma 3.5. The mdG(q)* method for (2.9) in fized point form reads: For
i1=1,....N,j=M,,...,1, find {&,;jn}zz;o, such that

(3.9 on =€, + [ Wl O (@00 d

ij
with
Vi, Jj= M,

where f*(®,-) = J (ru,U,)® + g, {wg”]}f:io C P%([0,1]), and 7;(t) =
(t —tij—1)/(tij — tij—1). A component ®;(t) of the solution is given on I;;

e = &ijr10, J <M,
17445
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by
qij

() = > &M (735 (1)),
n=0

where {,\i?”] L c P ([0,1]) is the standard Lagrange basis on [0,1] with
t =0 as one of its q;j + 1 > 1 nodal points.

Proof. The mdG(q)* method is identical to the mdG(q) method with time
reversed. O

Corollary 3.1. Let 7, be a time slab with synchronized time levels Ty
and T,,. With time reversed for the dual methods (to simplify the notation),
the mcG(q), mdG(q), mcG(q)*, and mdG(q)* methods can all be expressed
in the form: For all I;; € Ty, find {&;jn}, such that

- tij—1
65 Gn=U@ )+ [ s [ ul e,
JTh—1 JI;j
with a suitable definition of U;(T,,_,). As before, mj(t) = (t — tij—1)/(tij —

i

tij—1) and {wy ]} is a set of polynomial weight functions on [0, 1].

Proof. For mcG(q), mdG(g), and mdG(q)*, the result follows if we take
U(T,) = U(T,_,) and note that wl!! = 1. For mcG(g)*, the result follows
if we define U(T}_,) = u;(0) + ["~* f;(U, ) dt. 0
3.2. Fixed point iteration. We now prove that for each of the four meth-

ods, mcG(q), mdG(q), mcG(q)*, and mdG(q)*, the fixed point iterations of
Corollary 3.1 converge, proving existence of the discrete solutions.

Theorem 3.1. (Existence of solutions) Let K = max K,, be the mazimum
time slab length and define the Lipschitz constant Ly > 0 by

36)  f@t) = fy e < Lyllz =yl Yt € [0,T] Yo,y € RY.
If now
(3.7) KCyLy <1,

where Cy is a constant of moderate size, depending only on the order and
method, then each of the fized point iterations, (3.1), (3.2), (3.3), and (3.4),
converge to the unique solution of (2.2), (2.6), (2.12), and (2.15), respec-
tively.

Proof. Let = (..., &jn,--.) be the set of values for the degrees of freedom
of U(t) on the time slab 7,, of length K, = T, — 1,1 < K. Then, by
Corollary 3.1, we can write the fixed point iteration on the time slab in the
form

Eijn = Gijn(x) = U(Ty) + / JAU, )i+ / Wl g () (U, ) .

Th—1 Lij

tij—1
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Let V() be another trial space function on the time slab with degrees of
freedom y = (..., Mijn,...). Then,

Gign(@) — gijn(y) = /%Ll(fi(Uv )= filV,)dt

+ / Wit (ry () (fi(U, ) = (V) dt,
Iij

and so
Tn
lote) = 90)lho < CLy [ 10O = VIOl
n—1

SCLiK  sup  [U(H) = V(@)

(Ty—1,Tn

Noting now that
Uit) = Vi) < 3 lijn — nijnl N ()] < Ol = ylloos
n

for t € I;;, we thus obtain
lg@@) = 9@l < CC'LyK ||z =yl

By Banach’s fixed point theorem, we conclude that the fixed point iteration
converges to a unique fixed point if CC'LyK < 1. O

4. STABILITY ESTIMATES

In this section, we prove stability estimates for the multi-adaptive meth-
ods and the corresponding multi-adaptive dual methods. We consider the
linear model problem

w(t) + A(t)u(t) =0, te (0,77,

u(0) = uo,
where A = A(t) is a piecewise smooth N x N matrix on (0,7]. The dual
backward problem of (4.1) for ¢ = ¢(t) is then given by
—0(t) + AT(He(t) =0, te[0,T),

*(T) = ¢

With w(t) = ¢(T — t), we have w(t) = —(T —t) = —AT (T — t)w(t), and
so (4.2) can be written as a forward problem for w in the form
w(t) + B(t)w(t) =0, te(0,T],

w(0) = wy,

(4.1)

(4.2)

(4.3)

where wy = 1 and B(t) = AT(T —t). In the following discussion, w rep-
resents either u or ¢(T' — ) and, correspondingly, W represents either the
discrete me/dG(q) approximation U of u or the discrete me/dG(q)* approx-
imation ® of ¢.
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4.1. Exponential stability estimates. The stability estimates are based
on the following version of the discrete Gronwall inequality.

Lemma 4.1. (A discrete Gronwall inequality) Assume that z,a : N — R
are non-negative, a(m) < 1/2 for all' m, and z(n) < C + Y. _ a(m)z(m)
for alln. Then, forn=1,2,..., we have

n—1
(4.4) z(n) < 2Cexp <Z 2a(m)> .

m=1
Proof. By a standard discrete Gronwall inequality, it follows that z(n) <
Cexp( s a(m))7 if z(n) < C+ "% a(m)z(m) for n > 1 and 2(0) <
C, see [8]. Here, (1 — a(n))z(n) < C+ X" a(m)z(m), and so z(n) <

2C + Y"1 2a(m)z(m), since 1 — a(n) > 1/2. The result now follows if we
take a(0) = z(0) = 0. O

Theorem 4.1. (Stability estimate) Let W be the mcG(q), mdG(q), mcG(q)*,
ormdG(q)* solution of (4.3). Then, there is a constant Cy of moderate size,
depending only on the highest order max q;;, such that if

(4.5) EnCollBlloo(tprtn)ty) <1, n=1,..., M,
then
(4.6)
n—1
W Lo (110171 ) < Callwolls, exp (Z chqlBle,([Tm,,Tm],lp)> ,
m=1

forn=1,... .M, 1<p<oco.

Proof. By Corollary 3.1, we can write the mcG(q), mdG(g), meG(g)*, and
mdG(¢)* methods in the form

tij—1
€ = wil0) + /0 Wy di + / W) (75 () £V, ) .

ij

Applied to the linear model problem (4.3), we have

1‘,27]',1
Eop = wi(0) — /0 (BW); dt — /I Wl (743 (1)) (BW) it

ij

and so

A

tij—1
(| < |wi<o>\+\ / (BW>idt\+

/ w9 (7,(4))(BW); dt
J1;

IN

tij T
i 0)] +c/ " ((BWYldt < [wi(0)] +c/ (BW)i| dt,
0 0

where T;, is smallest synchronized time level for which ¢;; < T;,. It now fol-
lows that for all ¢ € [Ty,—1,Ty], we have [W;(t)| < Clw;(0)|+C [y [(BW);| dt,
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and so [|[W (t)l|;, is bounded by

n Tm
> [ 1sw, d

T
Cllualy, +C [ 1BWIh, di = Cllunly, +C
J0 m=1"Tm-1

With W,, = Wl Loo (1T—1 7] 1)» this means that

n
W, < Cllwolly, + C > Kl Bl Lo (-1 Tty Won

m=1

n
= Ca/DNwollt, + Y~ Kun(Co/ DB b (01 T 1) Won-
m=1
By assumption, KpnCyllBllL((T_1,Tm),) < 1 for all m, and so the result
follows by Lemma 4.1. O

4.2. Stability estimates for parabolic problems. We consider now the
parabolic model problem 4(t) + Au(t) = 0, with A a symmetric, positive
semidefinite, and constant N x N matrix, and prove stability estimates for
the mdG(g) and mdG(g)* methods. As before, we write the problem in the
form (4.3), and note that B = A = AT. We thus consider the problem:
Find w : [0,T] — RY, such that

w(t) + Aw(t) =0, te(0,T],

w(0) = wo.

For the continuous problem (4.7), we have the following standard strong
stability estimates, where “strong” indicates control of Aw (or w) in terms
of (the lo-norm of) the initial data wp.

(4.7)

Theorem 4.2. (Strong stability for the continuous problem) The solution

w of (4.7) satisfies for T >0 and 0 < e <T with |- || = |- ||,
T
(48) lo(T)? +2 /0 (Aw, w) dt = uo?,
T 1
(4.9) | tlawl? e < Jlul?,
0 4
T
1 1/2
(4.10) Awllde < 5 (log(T/e))? o)l

Proof. Multiply (4.7) with v = w, v = tAw, and v = t2A%w, respectively.
See [2] for a full proof. O

We now prove an extension to multi-adaptive time-stepping of the strong
stability estimate Lemma 6.1 in [1]. See also Lemma 1 in [3] for a similar es-
timate. In the proof, we use a special interpolant 7, defined on the partition
T as follows. On each local interval, the component (wp); of the interpolant
7 of a given function ¢ : [0,7] — RY is defined by the following condi-
tions: (mp;)|r,; € P (I;) interpolates o; at the left end-point t;,rj—l of Ij
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and mp; — ¢; is orthogonal to 73"1]_1(]1']-). (This is the interpolant denoted

by qu(];‘ in [6].) We also introduce the left-continuous piecewise constant

function ¢ = t(t) defined by ¢(t) = ming;{t;; : t < t;;}. With {¢,} the
ordered sequence of individual time levels {t;;}, as illustrated in Figure 3,
t = £(t) is thus the piecewise constant function that takes the value ¢, on
(tm—1,tm). We make the following assumption on the partition 7:
Tn Tn
(4.11) Tn,l/ (Av, Av)dt < 'y/ (Av, 7(tAv))dt, n=2,...,M,
Th-1 Tn1
for all functions v in the trial (and test) space V' of the mdG(g) and mdG(q)*
methods, where v > 1 is a constant of moderate size if Av is not close to
being orthogonal to V. In the case of equal time steps for all components,
this estimate is trivially true, because then mAv = Av since Av € Vifv € V.
Note that we may computationally test the validity of (4.11), see [7].

Theorem 4.3. (Strong stability for the discrete problem) Let W be the
mdG(q) or mdG(q)* solution of (4.7), computed with the same time step
and order for all components on the first time slab Ty. Assume that (4.11)
holds and that o K,, <Tp_1, n=2,..., M, for some constant o > 1. Then,
there is a constant C' = C(q,~,0), such that

N M;
a2 P [ A a3 = el
i=1 j=1
(4. 13)
M
S, / {IW12 + 1AW 12} de+ S0 T 3 Wi /sy < Cllwo 2,
n=1 Tt n=1 ij
(4.14)
. 1/2
T . N T 1/2
| (i jawy} e S (Z[Wm,m) <c(ioege 1) lul
n=1 \ ij

= 1Nz, 2245 denotes the sum over all elements within the current
time slab T, and where in all integrals the domain of integration does not
include points where the integrand is discontinuous.

Proof. We follow the proof presented in [1] and make extensions where nec-
essary. With V' the trial (and test) space for the mdG(g) method defined in
Section 2, the mdG(g) (or mdG(q)*) approximation W of w on a time slab
T, is defined as follows: Find W € V, such that

Tn
(4.15) § <[m],-1‘,-m(t;j1)+/ W,-vidt)Jr/ (AW, v)dt =0,
— I; Th-1

1] J

for all test functions v € V, where the sum is taken over all intervals I;;
within the time slab 7;,. To prove the basic stability estimate (4.12), we
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take v = W in (4.15) to get

1 2 1 2 2 n

5 E (Wil 1 + §||W( == *HW D+ - (AW, W)dt = 0.
ij n—1

The estimate now follows by summation over all time slabs 7,,.

To =0Ty Th1 T, Ty =T

to t1 123

FIGURE 3. The sequence {t,,} of individual time levels.

For the proof of (4.13), we would like to take v = tAW in (4.15), but
this is not a valid test function. In the proof of Lemma 6.1 in [1], the test
function is chosen as v = T,, AW, which is not possible in the multi-adaptive
case, since A mixes the components of W and as a result, v; = T,,(AW);
may not be a test function for component W;. Instead, we take v = w(tAW),
with 7 and ¢ defined as above, to obtain

Z([Wik,j-l(mvv) 0+ [ Wit<AW>idt>
+ / AW (iAW) di =
Tn

where we have used the orthogonality condition of the interpolant for W; €
P%i~1(1;;). Noting that [W;l,, = Wi(t) — Wi(t,,) = 0 if component i has
no node at time t = t,,, we rewrite the sum as a sum over all intervals
(tm—1,tm) within (T,,—1, 7], in the form

ZZ Wilmo1tm(AW (), )¢+/ Witm(AW); dt
= S (Wl AW + 5 [ G awa
—Z [W]m hA[W]m 1

m

O (1), AT (1) = (W (t5,), AW (65,1)]
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where, using the notation k,, = t,, — t;,—1, we note that

3 [ (), AW (1)) — (Wt ), AW (17,,))

m

—Z s AW (1) = 5L (00 (15, ), AW (1)
- %(W(t;,,1>,AW<t: )
= D w), AW ;) — TR W T, AW, )
= ) AW )
Collecting the terrm, we thus have

(4.16)
D tn(Whne1, AW 1) + Ta(W (T7), AW(T;7) = T (W(T5 Ly ), AW(T )

Tn
+2/T (AW, 7(EAW)) ka b)) AW (t, 1)

n—1

For n =1, we have

Tn T T
/ (AW, 7(LAW)) dt = T1/ (AW, 7(AW)) dt = Tl/ |AW |2 dt,
Toos 0 0
since m(AW) = AW on [0,T1], where the same time steps and orders are
used for all components. We further estimate the right-hand side of (4.16)
as follows:

Kl(wo, A’LU[]) = K1<[W]0, A[VV]()) - Kl(W(OJr), AW(0+)) + 2K1(w0, AW(O+))

< Tl([VV]O, A[‘/V]o) + 2K (wo, A‘V(O+))
1
< Ti([Wlo, A[W]o) + ;||7L'o|\2 + KT AW (01)?
1 2 n 2
< T ([Wlo, A[W]o) + E”wO” +eC Ty |AW || dt,
0

where we have used an inverse estimate for AW on [0,T4]. With e = 1/C4,
we thus obtain the estimate

T

(@) W) AW ) T [ AW < Gl
0

For n > 1, it follows by the assumption (4.11), that

Th Tn
/ (AW, m(EAW)) dt > flTM/ | AW |2 dt
Tn

n—1

and thus

Tn Tn
/ (AW, n(EAW)) dt > —T / |l AW |2 dt,
Thn-1

Th-1
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where we have also used the assumption 7,,—1 > o0K,. The terms on the
right-hand side of (4.16) are now estimated as follows:

k(W (ty—1), AW (t,,_1)) = E (W (2, 1) — [Wr]mflvA(VV(t:rn 1) = Wn-1))

=k [(W (), _1), AW (1)) + (W1, AW 1) = 2W (&, 1), AW 1))
< ko (L4 BYW(t5, 1), AW (8, 21)) + (L + 57 ) (W1, AW ]m-1)]
for any 3 > 0. Choosing 3 = 1/(c — 1), we obtain the following bound for
k(W (t,,_1), AW (t_1)):

ok,

g —

T(W (o

aﬂ-/‘UMAWUdt+nmAWWm,hAW4m4)

o—1Jr.,

), AW () + ok ((Wln—1, AW ]m-1)

<

where we have again used an inverse estimate, for W on I,,. From the
assumption that oK, < T,_1 for n > 1, it follows that ok, < oK, <
Trn-1 < tm, and so

T(W(T,), AW(T,) = Tud (W(T, o), AW(T, 1))
2y lo

+U+1

Tn C T,
T [ tawipa < 2 [T graw)a
Tn -1 Trn—1

Summing over n > 1 and using the estimate (4.17) for n = 1, we obtain by
(4.12),

T(W(T*),AW(T*)HTI/ |AW |12 dt / | AW |2 dt

C T 2
<Gl + S [Coawya <, (1 + 22 hnl?

which we write as
} 7, / AW dt < C [y,
-1

noting that T(W (T~), AW (T~)) > 0. For the proof of (4.13), it now suffices
to prove that

T T,
(4.18) / \mwﬁgc/ 1AW dt,
n—1 n—1
and
Tn
(419) S kg <0 [ AR
n—1

ij
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To prove (4.18), we take v; = (t — ti,j_l)Wi/kij on each local interval I;;
n (4.15), which gives

t—tij—1.:,0 / t—tij1
—=—W=dt = (AW); WLV, di
Z/I” Ko i Z I

ij K

. 1/2 o 1/2
1 — i1
< Z (/I P bt g2 dt) </ %Wf dt>
w 1y ij

ij g

1/2 1/2

Z/ *J 1(AW Z/ 77 —— L2 dt

where we have used Cauchy’s inequality twice; first on Ly(;;) and then on
lo. Using an inverse estimate for VVf, we obtain

T PR b
/ W2 dt = / W2dt < C, Z/ t” R
Trn—1

<c Z/ L= bt g2 g
b Tn
<6,y [ wpa-c, / AW dt,
ij i Trn-1

which proves (4.18).
To prove (4.19), we take v; = [W;];j—1/kij on each local interval I;; in
(4.15), which gives

SV afhy == 20 Ok (AW Wi

ij
1/2 1/2

S [ cawya) (SR |
ij ij

ij
where we have again used Cauchy’s inequality twice. We thus have

T
E [”ﬂi]‘ﬂ/’%‘ < 2/
T

ij n—1

T
VW2 dt +2 / |AW2 dt,
Trn—1

and so (4.19) follows, using (4.18). This also proves (4.13).
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Finally, to prove (4.14), we use Cauchy’s inequality with (4.13) to get

Moo, M T
S [ = Y VR VTR, [
n=1"Tn-1 n=1 Tn-
M 1/2 . 1/2
< <2K,L/Tn> (zT / |W|2dt>
JTp—1

n=1 n=1

1/2
(1+/ —dt) Clwoll
1

< C (log(T/K1) + 1) [lwoll,

with a similar estimate for AW The proof is now complete, noting that
1/ 1/2

M
S Wil <Z "TnZIWz]u 1 /kij
I

n=1

1/2

Y2 /oy
(Z KT, ) ZlT"Z (Wil j—11?/kij

n=1

< C(log(T/K1) + 1)V fJu||.
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MULTI-ADAPTIVE GALERKIN METHODS FOR ODES IV:
A PRIORI ERROR ESTIMATES

ANDERS LOGG

ABSTRACT. We prove general order a priori error estimates for the
multi-adaptive continuous and discontinuous Galerkin methods mcG(q)
and mdG(g). To prove the error estimates, we represent the error in
terms of the residual of an interpolant of the exact solution, and a dis-
crete dual solution. The estimates then follow from interpolation esti-
mates, together with stability estimates for the discrete dual solution.
For the general non-linear problem, we obtain exponential stability esti-
mates, using a Gronwall argument, and for a parabolic model problem,
we show that the stability factor is of unit size.

1. INTRODUCTION

This is part IV in a sequence of papers [4, 5, 8] on multi-adaptive Galerkin
methods, mcG(¢g) and mdG(g), for approximate (numerical) solution of
ODE:s of the form

@ (t) = f(u(t),t), te(0,T],
u(0) = uo,

where u : [0,T] — RY is the solution to be computed, ug € RY a given
initial condition, 7' > 0 a given final time, and f : RY x (0,7] — R a given
function that is Lipschitz-continuous in « and bounded.

The mcG(g) and mdG(g) methods are based on piecewise polynomial ap-
proximation of degree ¢ on partitions in time with time steps which may vary
for different components U;(t) of the approximate solution U (t) of (1.1). In
part I and II of our series on multi-adaptive Galerkin methods, we prove
a posteriori error estimates, through which the time steps are adaptively
determined from residual feed-back and stability information, obtained by
solving a dual linearized problem. In part III, we prove existence and sta-
bility of discrete solutions. In the current paper, we prove a priori error
estimates for the meG(q) and mdG(g) methods.

Date: March 15, 2004.
Key words and phrases. Multi-adaptivity, individual time steps, local time steps, ODE,
continuous Galerkin, discontinuous Galerkin, mcgq, mdgq, a priori error estimates.
Anders Logg, Department of Computational Mathematics, Chalmers University of
Technology, SE-412 96 Géoteborg, Sweden, email: logg@math.chalmers.se.
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1.1. Main results. The main results of this paper are a priori error esti-
mates for the meG(g) and mdG(q) methods respectively, of the form

(12) le(D)lly, < CSD)F*u®? 1 o.17.01)s
and
(1.3) le(T)l, < CSDIF a1 qor1a)s

for p =2 or p = oo, where C' is an interpolation constant, S(T) is a (com-
putable) stability factor, and k29129 (or k24+14(24t1)) combines local time
steps k = (kj;) with derivatives of the exact solution u. These estimates
state that the mcG(g) method is of order 2¢ and that the mdG(q) method
is of order 2¢ 4+ 1 in the local time step. We refer to Section 5 for the exact
results. For the general non-linear problem, we obtain exponential estimates
for the stability factor S(T"), and for a parabolic model problem we show
that the stability factor remains bounded and of unit size, independent of
T (up to a logarithmic factor).

1.2. Notation. For a detailed description of the multi-adaptive Galerkin
methods, we refer the reader to [4, 5, 8]. In particular, we refer to [4] or [8]
for the definition of the methods.

The following notation is used throughout this paper: Each component
Ui(t),i=1,...,N, of the approximate m(c/d)G(g) solution U(t) of (1.1) is
a piecewise polynomial on a partition of (0,7 into M; subintervals. Subin-
terval j for component ¢ is denoted by I;; = (¢ j—1,t;;], and the length of
the subinterval is given by the local time step ki; = t;; —t; j—1. This is
illustrated in Figure 1. On each subinterval I;;, Ui|r,; is a polynomial of
degree g;; and we refer to (I;;,Uilr,;) as an element.

Furthermore, we shall assume that the interval (0,7 is partitioned into
blocks between certain synchronized time levels 0 =Ty < Ty < ... < Ty =
T. We refer to the set of intervals 7,, between two synchronized time levels
T,_1 and T,, as a time slab:

Tp={Lij : Tno1 < tij—1 <ty <Tp}.
We denote the length of a time slab by K,, =T, — T),—1.

1.3. Outline of the paper. The outline of the paper is as follows. In
Section 2, we first discuss the dual problem that forms the basic tool of
the a priori error analysis, and how this differs from the dual problem we
formulate in [4] for the a posteriori error analysis. We then, in Section 3,
derive a representation of the error in terms of the dual solution and the
residual of an interpolant of the exact solution.

In Section 4, we present interpolation results for piecewise smooth func-
tions proved in [7, 6]. We then prove the a priori error estimates in Section
5, starting from the error representation and using the interpolation esti-
mates together with the stability estimates from [8]. Finally, in Section
6, we present some numerical evidence for the a priori error estimates. In
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FIGURE 1. Individual partitions of the interval (0, 7] for dif-
ferent components. Elements between common synchronized
time levels are organized in time slabs. In this example, we
have N =6 and M = 4.

particular, we solve a simple model problem and show that we obtain the
predicted convergence rates.

2. THE DUAL PROBLEM

In [4], we prove a posteriori error estimates for the multi-adaptive meth-
ods, by deriving a representation for the error e = U — u, where U : [0, T] —
RV is the computed approximate solution of (1.1), in terms of the residual
R(U,-) = U — f(U,-) and the solution ¢ : [0,7] — R¥ of the continuous
linearized dual problem

—0(t) =TT (w,U,)6(t) + (), te[0,T),
o(T) = ¢,

with given data g : [0,7] — RY and ¢ € RV, where

(2.1)

1 T
(2.2) I (u,U,t) = (/0 g—i(su(t) + 1 —=s)U(t),t) ds) .

To prove a priori error estimates, we derive an error representation in
terms of the residual R(7u,-) of an interpolant mu of the exact solution u,
and a discrete dual solution @, following the same approach as in [3] and
[1]. The discrete dual solution ® is defined as a Galerkin solution of the
continuous linearized dual problem

—o(t) = " (mu, U,0)6(t) + g(t), t€[0,T),
o(T) = ¢,

(2.3)
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where we note that J is now evaluated at a mean value of 7u and U. We
will use the notation f*(¢,-) = J ' (7u,U,-)$ + g, to write the dual problem
(2.3) in the form

—o(t) = fH(@(t).t), te[0,T),
o(T) =¢.
We refer to [8] for the exact definition of the discrete dual solution .
We will also derive a priori error estimates for linear problems of the form
u(t) + A(t)u(t) =0, te (0,77,
u(0) = up,

(2.4)

(2.5)

with A(t) a bounded N x N-matrix, in particular for a parabolic model
problem with A(t) a positive semidefinite and symmetric matrix . For the
linear problem (2.5), the discrete dual solution ® is defined as a Galerkin
solution of the continuous dual problem

—o(t)+ AT(Me(t) =g, te(0,T),
o(T) =1,
which takes the form (2.4) with the notation f*(¢,-) = —AT¢ + g.

(2.6)

3. ERROR REPRESENTATION

In this section, we derive the error representations on which the a pri-
ori error estimates are based. For each of the two methods, mcG(q) and
mdG(q), we represent the error in terms of the discrete dual solution ® and
an interpolant wu of the exact solution u of (1.1), using the special inter-

polants Tu = 7r£’éu or Tu = ﬂ([f(];u defined in Section 5 of [7]. The error
representations are presented in the general non-linear case, and thus ap-
ply to the linear problem (2.5), with corresponding dual problem (2.6), in
particular.

‘We write the error e = U — u as
(3.1) e=¢e+ (mu—u),

where € = U — mu is represented in terms of the discrete dual solution and
the residual of the interpolant. An estimate for the second part of the error,
wu — u, follows directly from an interpolation estimate. In Theorem 3.1
below, we derive the error representation for the meG(q) method, and then
derive the corresponding representation for the mdG(g) method in Theorem
3.2.

Theorem 3.1. (Error representation for mcG(q)) Let U be the mcG(q)
solution of (1.1), let ® be the corresponding mcG(q)* solution of the dual
problem (2.4), and let wu be any trial space approzimation of the exact so-
lution u of (1.1) that interpolates u at the end-points of every local interval.
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Then,

T T
Lyge) = (e(T),¥) + /0 (e,9)dt = — /0 (R(mu,-),®) dt
where € = U — 7u.

Proof. Since €(0) = 0, we can choose € as a test function for the discrete
dual. By the definition of the mcG(g)* solution @ (see [8]), we thus have

T T
/ (@) dt = / (J(ru, U, )&, ®) dt + Ly 4(),
0 0

and so, by the definition of J, we have

Ly 4(€) / (é— J(mu,U,-)e, @) dt = /()T(éff(U.,-)+f(7Tu,'),(I>)dt

T
:/ (R(U,-) — R(ru, ), ®)dt = 7/ (R(mu,-), @) dt,
0 0
since @ is a test function for U. O

Theorem 3.2. (Error representation for mdG(q)) Let U be the mdG(q)
solution of (1.1), let ® be the corresponding mdG(q)* solution of the dual
problem (2.4), and let wu be any trial space approzimation of the exact
solution u of (1.1) that interpolates u at the right end-point of every local
interval. Then,

T
Ly g(e) = (E(T), ) + /()(e,gmt

-3y

i=1 j=1

[Tuili j—1 Pt ” 1)+/ Ri(mu, -)®; dt}

where € = U — 7u.

Proof. Choosing € as a test function for the discrete dual we obtain, by the
definition of the mdG(g)* method (see [8]),
N M;

T
3 |:[e”] 1@(t 1)+/1 ei@dt} :/0 (J (7w, U, )&, ®) dt + Ly, 4(€),

i=1 j=1
and so, by the definition of .J, we have

N M;
Ly.g(e) ZZ[@],J 10t 1)+/ &:®; dt

i=1 j=1 Lij
N M;

=22 |w

i=1 j=1

/ (J(mu, U, )z, ®) dt

@50 + [ ()~ R ) dt}

N M;

=22

i=1 j=1

[ruili,j—1 @it 1)+/ Ry(mu,)®; dt
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since ® is a test function for U. O
With a special choice of interpolant, mu = Tr[‘gu and Tu = w([iqéu respec-

tively, we obtain the following versions of the error representations.

Corollary 3.1. (Error representation for mcG(q)) Let U be the mcG(q)
solution of (1.1), let ® be the corresponding mcG(q)* solution of the dual

problem (2.4), and let w([:q(];u be an interpolant, as defined in [7], of the exact
solution u of (1.1). Then,

T
Lyg(e) = /O (F(rl%, ) — f(u, ), @) db

Proof. The residual of the exact solution is zero and so, by Theorem 3.1, we
have

T
Lyg(®) = /0 (R(u,) — R(nl%u, ), @) dt

T T d
- [ e - s @+ [ (G nll.o)a

where we note that
T d [,
(—=(u— 7w u),®)dt =0,
/(, dt( o), ®)

by the construction of the interpolant 7T£q(];ll, (Lemma 5.2 in [7]). O
Corollary 3.2. (Error representation for mdG(q)) Let U be the mdG(q)
solution of (1.1), let ® be the corresponding mdG(q)* solution of the dual
problem (2.4), and let ﬂgq(]}u be an interpolant, as defined in [7), of the exact
solution u of (1.1). Then,

/ (e, ) = fu, ), @

Proof. The residual of the exact solution is zero, and the jump of the exact
solution is zero at every node. Thus, by Theorem 3.2,
N M

=33 {[ — w1 @it ) + / (Rilu,") — Ri(mihu, )@ dr}

i=1 j=1 JLij

T
- / (rld, ) — f(u, ), B) dt,

where we have used the fact that W([iq(]}u interpolates u at the right end-point

of every local interval, and thus that

N M; d

3y [[u,(t;rl W[q(glu,(tj] 1)]<1>1(t;].,1>+/ (E(u,fﬂgaéjlw))@, dt| =0,
i=1 j=1 Li =%
by the construction of the interpolant ”([1(];“ (Lemma 5.3 in [7]). O
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3.1. A note on quadrature errors. In the derivation of the error repre-
sentations, we have used the Galerkin orthogonalities for the mcG(g) and
mdG(q) solutions. For the mcG(g) method, we have assumed that

T
/ (R(U. ), @) di = 0
0

in the proof of Theorem 3.1, and for the mdG(g)method, we have assumed

that
N M;

22

i=1 j=1

s tij

[Ui]i,j—l':bi(t:j,l)"!‘/ Ri(U,~)<I>idt:| =0

in the proof of Theorem 3.2. In the presence of quadrature errors, these
terms are nonzero. As a result, we obtain additional terms of the form

T
/0 (F(U,) — F(U,). @) dt,

where f is the interpolant of f corresponding the quadrature rule that is
used. Typically, Lobatto quadrature (with ¢ + 1 nodal points) is used for
the mcG(g) method, which means that the quadrature error is of order
2(g+1) — 2 = 2q and so (super-) convergence of order 2¢ is obtained also in
the presence of quadrature errors. Similarly for the mdG(q) method, we use
Radau quadrature with ¢+ 1 nodal points, which means that the quadrature
error is of order 2(¢ + 1) — 1 = 2¢ + 1, and so the 2q + 1 convergence order
of mdG(qg) is also maintained under quadrature.

4. INTERPOLATION ESTIMATES

To prove the a priori error estimates, starting from the error representa-
tions derived in the previous section, we need special interpolation estimates.
These estimates are proved in [6], based on the interpolation estimates of [7].
In this section, we present the interpolation estimates, first for the general
non-linear problem and then for linear problems, and refer to [7, 6] for the
proofs.

4.1. The general non-linear problem. In order to prove the interpo-
lation estimates for the general non-linear problem, we need to make the
following assumptions: Given a time slab 7, assume that for each pair of
local intervals I;; and I, within the time slab, we have

(A1) Gij = Gmn = q;
and
(A2) kij > o kmny

for some ¢ > 0 and some « € (0,1). We also assume that the problem (1.1)
is autonomous,
0fi .
A3 iy, i=1,...,N,
(A3) 5t i
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noting that the dual problem nevertheless is non-autonomous in general.
Furthermore, we assume that

(A4) I fillpa+i(ry < o0, i=1,...,N,

where || - ||pr(7) is defined for v : RY — R and p > 0 by |[v] pary =
maxp—o,..p HD”U”LW(T,IDO)’ with

(4.5) ID™0w" - w™ L1y < 1D 0] L (7o) 0 1 - - 0" 1

for all w!,...,w™ € RN and D™ the nth-order tensor given by

N N
. 1 n o 1 n
D'vw - w" = E E Wy, Wy
6.’L'7;1 s &L‘in "

i1=1 in=1

Furthermore, we choose || f||7 > max;=1,...n || fill ps+1 (1), such that

(4.6) l? /(0 f /ou) " (z(t) e < IIFII7CE.
forp=0,...,q, and
»

(4.7) l1d? /dtP @£ /0u) T (@Dl < IFl7 D C2 2N
n=0

for p = 0,...,§ — 1 and any given 2 : R — R where C, > 0 denotes
a constant, such that Hw(")HLm(T,l@ < C¥, forn = 1,...,p. Note that
assumption (A4) implies that each f; is bounded by ||f|l7. We further
assume that there is a constant ¢ > 0, such that

(A5) kijllfll < ek,

for each local interval I;;. We summarize the list of assumptions as follows:

(A1) the local orders g;; are equal within each time slab;

(A2) the local time steps k;; are semi-uniform within each time slab;
(A3) f is autonomous;

(A4) f and its derivatives are bounded;

(A5) the local time steps k;; are small.

To derive a priori error estimates for the non-linear problem (1.1), we need
to estimate the interpolation error mp; — ¢; on a local interval I;;, where ¢;
is defined by

N
(4.9) i = (J T (ru, u)®); = Z Jii(mu,u)®;, i=1,...,N.

=1
We note that ¢; may be discontinuous within f;;, if I;; contains a node for
some other component, which is generally the case with multi-adaptive time-
stepping. This is illustrated in Figure 2. Using assumptions (A1)-(A5), we
obtain the following interpolation estimates for the function .
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(1) — T~

R

bij—1 L tij

FIGURE 2. If some other component [ # i has a node within
I;;, then ®; may be discontinuous within I;;, causing ¢; to
be discontinuous within ;.

Lemma 4.1. (Interpolation estimates for ) Let ¢ be defined as in (4.9). If

assumptions (A1)—(A5) hold, then there is a constant C' = C(q, cg, ) > 0,
such that

ii—2 -1 " _
(4.10) ||7r£q(;1 ]%01' = billLuy) < Ckfjj MNPl s (T geys G =T > 2,
and

ii—1 i ij+1 _
(411) 1750 = @il < CEP A 0N i)y a5 =2 1,
for each local interval I;; within the time slab T .

Proof. See [6]. O

4.2. Linear problems. For the linear problem (2.5), we make the following
basic assumptions: Given a time slab 7, assume that for each pair of local
intervals I;; and I, within the time slab, we have

(Bl) 4ij = Qmn = q,
and
(BQ) k‘j]' >« kmn:

for some ¢ > 0 and some « € (0,1). Furthermore, assume that A has ¢ —1
continuous derivatives and let C'4 > 0 be constant, such that

83)  max (AP 71, 14T i) CHTL p =004,
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for all time slabs 7. We further assume that there is a constant ¢, > 0, such
that

(B4) kijCA < cg.
We summarize the list of assumptions as follows:

(B1) the local orders ¢;; are equal within each time slab;
(B2) the local time steps k;; are semi-uniform within each time slab;
(B3) A and its derivatives are bounded;

(B4) the local time steps k;; are small.

As for the general non-linear problem, we need to estimate the interpola-
tion error mp; — ¢; on a local interval I;;, where ¢; is now defined by

N
(4.16) gi=(AT®); =" Ay®, i=1,... N

=1
Using assumptions (B1)—(B4), we obtain the following interpolation esti-
mates for the function .

Lemma 4.2. (Interpolation estimates for ¢) Let ¢ be defined as in (4.16).
If assumptions (B1)—(B4) hold, then there is a constant C' = C(q, ¢, ) > 0,
such that

@17) 70— il < ORI C%

i OllLo(T i) 95 =722,

and

ij—1 i ij+1 _
(4.18) [m Vg — Gill Loty < CRG OOl i)y G5 =0 > 1,
for each local interval 1;; within the time slab T .

Proof. See [6]. O

5. A PRIORI ERROR ESTIMATES

Using the error representations derived in Section 3, the interpolation
estimates of the previous section, and the stability estimates from [8], we now
derive our main results: a priori error estimates for general order meG(g) and
mdG(g). The estimates are derived first for the general non-linear problem
(1.1), then for the general linear problem (2.5), and finally for a parabolic
model problem.

5.1. The general non-linear problem.

Theorem 5.1. (A priori error estimate for mcG(q)) Let U be the mcG(q)
solution of (1.1), and let ® be the corresponding mcG(q)* solution of the
dual problem (2.4). Then, there is a constant C = C(q) > 0, such that

(5-1) |Ly.g(e)] < CSDMETa™ L o11,0)
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where (K91t () = k?’JJHHu(q”H)HLOC(L] for t € I;j, and where the

stability factor S(T) is given by S(T [0 177 ( [Q]u u, )Py, dt. Further-
more, if assumptions (A1)—(Ab) hold and g = 0 in (2.4), then there is a
constant C = C(q, cg, ) > 0, such that

(5.2) |Lyg(e)] < CS(T)szqﬁ(zq)”Loo([(),T].h)y
where (K295C0);(t) = K | F1% 7 1u® |,y for t € Ly, and where
the stability factor S(T) zs given by

M
S(T) = /HfHT”‘I’HLm(TIM dt = Kol I 1o (7o)

n=1

Proof. By Corollary 3.1, we obtain
T T
Log@) = [ (Gl = ) )t = [l ) whu— w0
T
:/0 (7D, T (%, 0, )®) di.
By Theorem 5.1 in [7], it now follows that
T
L@ < O o oyay [ 177 ()0l

which proves (5.1). To prove (5.2), we note that by definition, WE%]]W —u;
is orthogonal to P%i~2(I;;) for each local interval I,;, and so, recalling that

o=J(x [q(];u u, )P,

N M;

Lyge) = ZZ/ gg] w; — ui)p; dt
=1 j=1
N M;
= 33 [ e e
i=1 j=1
where we take W[tj 2 ¢; = 0 for g;j = 1. By Theorem 5.1 in [7] and Lemma

4.1, it now follows that
Tl 2)
[Ly,g(€)] S/O \(quGufu,go q )| dt
T
= /0 (kNN (rs — ), k@D 797D (0 — 7l ) at

T
< CIFED||, o0 /0 T

= O8Ik . to,1100)»
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where the stability factor S(T) is given by
M

T
S = [ Il b= 3 Kolf

n=1

TPl Lo (7o 100)-

O

Theorem 5.2. (A priori error estimate for mdG(q)) Let U be the mdG(q)
solution of (1.1), and let @ be the corresponding mdG(q)* solution of the
dual problem (2.4). Then, there is a constant C = C(q) > 0, such that

(5.3) |Lyg(@)] < CSDIE a1 10,17,
where (k0@ D) (1) = kq’inHu(q”H zo;) for t € Lij, and where the
stability factor S(T') is given by S(T fo 177 ( Trdc];u u, )|, dt. Further-

more, if assumptions (A1)—(A5) hold and g = 0 in (2.4), then there is a

constant C' = C(q, cg, ) > 0, such that

(5.4) |Lyg(8)] < CSD)F T Loy,

where (k?Zqul’l:L(qurl))i(t) _ 2qu+1Hf qij

where the stability factor S(T) s given by
M

T
S(T):/0 IR L7y At = D Kl F I IR £ (7 1)
n=1

i+l
qu )HLOQ(IM) for t € Ij, and

Proof. The estimate (5.3) is obtained in the same way as we obtained the
estimate (5.1). To prove (5 4), we note that as in the proof of Theorem

5.1, we obtain L 4(&) = [0 Trgq(];u — u,p)dt. By definition, Tr([lG]m —u; is
orthogonal to P%i~ 1(1” for each local interval I;;, and so

N M;

Lygle) = ZZ/ Wdc ul —u;)p; dt
i=1 j=1
N M;
= ZZ/ qué] u; — u;) (pi — 77([1(1(1;} ]Soi) dt,
i=1 j=1
[‘h] 1]

where we take my) “¢; = 0 for ¢;; = 0. By Theorem 5.1 in [7] and Lemma
4.1, it now follows that

T
Ly g @) s/o |(mlh — w, o — 7% )
- /0 R 15 (el — ), B9 7 — 7125 )

< CIRPTECD L o) / TN Lo (710 -
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Using the stability estimates proved in (8], we obtain the following bound
for the stability factor S(T').

Lemma 5.1. Assume that K, Cyl|f||7, <1 for all time slabs T,,, with Cy =
Cq(q) > 0 the constant in Theorem 4.1 of [8], and take g = 0. Then,

(5.5) g(T) < Hw”tocequfH[O'T]T
where || flljo,r) = maxn=1,...3 | £z,

Proof. By Theorem 4.1 in [8], we obtain

M
192 (o) < Calllline exp< > chq|f|rm>
m=n+1

< Cyllg oMo =T,
and so

M
=Y Kl fl 7)1l 1z, ) dt

n=1

M
< Wl 32 KnCollf g meCel o (=T

n=1

T
< 9l /O Call fljo.r7eCel Nomt dt < [y, CallSlonT
Od

Finally, we rewrite the estimates 5.1 and 5.2 for special choices of data 1
and g. We first take ¢ = 0. With g, = 0 for n # 4, g;(t) = 0 for t & I;;, and
gi(t) = sgn(ei(t))/kij, t € I,
we obtain Ly 4(€) = k f[ |ei(t)|dt and so ||&illpy () < CLyy(@) by

an inverse estimate. By the definition of e, it follows that [le;||r, ;) <

CLy 4(e) + Ckf;"“Hug”HHLx(Iu). Note that for this choice of g, we have
190 L1 0.7102) = 191l 21 (0.77.000) = 1-
We also make the choice g = 0. Noting that &(T") = e(T'), since mu(T") =
u(T'), we obtain
Lyg(@) = (e(T),9) = le(T)],
for 1; = sgn(e;(T)) and v, = 0 for n # ¢, and

Lyg(€) = (e(T),4) = lle(T)l1n.

for ¢ = e(T')/|le(T)||1,. Note that for both choices of ¥, we have ||9|;,, < 1.
With these choices of data, we obtain the following versions of the a priori
error estimates.
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Corollary 5.1. (A priori error estimate for meG(q)) Let U be the meG(q)
solution of (1.1). Then, there is a constant C' = C(q) > 0, such that

(5.6) lell o (0,77,00) < CSMIET T L 10,7782

where the stability factor S(T) = fU 177 ( 71' G“ u,-)®|s, dt is taken as the
mazimum over 1 = 0 and ||g|| L, (0,1),10) = 1. Furthermore, if assumptions
(A1)—(Ab) and the assumptions of Lemma 5.1 hold, then there is a constant
C = C(q,ck, ), such that

(5.7) lle(T)]l, < CS(T)[E2903D|1,__(o0.11.),
for p = 2,00, where the stability factor S(T) is given by S(T) = eCallflonT

Corollary 5.2. (A priori error estimate for mdG(q)) Let U be the mdG(q)
solution of (1.1). Then, there is a constant C = C(q) > 0, such that

(5.8) llel Lo (o,7).100) < CS(T Hqurlu{HlHLoo ([0,T),12)

where the stability factor S(T) = fo HJT(W([f(];u u, )P, dt is taken as the
mazimum over 1) = 0 and ||gl| L, (0,1),10) = 1. Furthermore, if assumptions
(A1)—(Ab) and the assumptions of Lemma 5.1 hold, then there is a constant
C = C(q,ck, @), such that

(5.9) le(T)ls, < CSOEH T L0715
for p = 2,00, where the stability factor S(T) is given by S(T) = eCal/lonT
5.2. Linear problems.

Theorem 5.3. (A priori error estimate for mcG(q)) Let U be the mcG(q)
solution of (2.5), and let ® be the corresponding mcG(q)* solution of the
dual problem (2.6). Then, there is a constant C = C(q) > 0, such that

(5.10) Lyg(@)] < CSDE a1 10,11,
where (K9H1a(@HD);(t) = kq?j+1\\ (q”H)HLw u ) for t € Ij, and where the
stability factor S(T) is given by S(T fo |AT®||;, dt. Furthermore, if

assumptions (B1)~(B4) hold and g = 0 in (2.6), then there is a constant
C=0C(q,cx,0) > 0 such that

(5.11) |Lyg(@)] < CSD)IET 1. o11,0):

where (k2a(9),(t) = kiz]gl"fCZi’71||u§qz"7‘+l)HLw(I”) for t € I;, and where the
stability factor S(T) is given by
M
S0 = [ Cal®lnirinydt =3 KaCal @l

n=1
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Proof. By Corollary 3.1, we obtain
T T
Lyg(e) = / (A(u— 7%u), @) dt = / (u— 7%, AT®)dt.
0 0
By Theorem 5.1 in [7], it now follows that

e

Ly o(@)] < b (0700 / AT, dt,

which proves (5.10). To prove (5.11), we note that by definition, wi’é” ]ul —u;

is orthogonal to P%J ’2(1,7-) for each local interval I;;, and so

Lyge) = ZZ / (u; — 795 )y dit

=1 j=1
N M;

= > > / — wlabu) (s — w0, dt,
I;

i=1 j=1

where ¢ = AT®. By Theorem 5.1 in [7] and Lemma 4.2, it now follows that
T
L@ < [ Nt ==l o)
[ (k4105 (o — ), k(@D O dt
- /0 9 (xl9) )

< CHkZlIﬁ(?‘I)

T
Locqo,T],zl)/O Call®
= CS(D)IF7GD|,,__(o/r)00):

Loo(T loo) 4t

where the stability factor S(T') is given by
M
/ Call®) Lo (1) A =D KnCall®|| oy (73100

n=1

O

Theorem 5.4. (A priori error estimate for mdG(q)) Let U be the mdG(q)
solution of (2.5), and let ® be the corresponding mdG(q)* solution of the
dual problem (2.6). Then, there is a constant C = C(q) > 0, such that

(5.12) |Ly.g(@)] < CSDMET T 1 0,77,

where (kt1a@tD); () = kf’%fHH (q”H)HL%(IU for t € Ij, and where the

stability factor S(T) is given by S(T f(] |AT®||;, dt. Furthermore, if
assumptions (B1)=(B4) hold and g = 0 in (2.6), then there is a constant
C = C(q,ck,a) >0, such that

S(T)||k*+ gt | 2o (f0,77,10) 5

(5.13)
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where (k2415240 (1) = kfjg”+103’ ||u§q“+l)\|Loc(1”) fort € I;;, and where
the stability factor S(T) is given by

T M
5(T) = /0 Call®l iy dt = > KnCall®ll g7 1
n=1

Proof. The estimate (5.12) is obtained in the same way as we obtained the
estimate (5.10). To prove (5 13), We note that as in the proof of Theorem

5.1, we obtain Ly 4(€) fo u— 77(1 u, ) dt. By definition, Tr([lqg]ui — u; is
orthogonal to P%i~ 1(1,] for each local interval I;;, and so
N M;
Lug@) = 35 / o) g i
i=1 j=1

(u; 77r([iq(’;’]u,)( w[q(’;’ ]gai)dt.

Il
N
™
 :

By Theorem 5.1 in [7] and Lemma 4.2, it now follows that
T
Loo@I < [ allu ==l o)l
= /0 |(RIC (78w — w), k907 (o — 75 )| dt

T
< Clle"Hﬁ(Z”l)||Lw<[o,T]‘zl)/O Call®| Lo (7 100) -
O

We now use Lemma 5.1 to obtain a bound for the stability factor S(T).
As for the non-linear problem, we note that for special choices of data v
and g for the dual problem, we obtain error estimates in various norms, in
particular the lo-norm at final time.

Corollary 5.3. (A priori error estimate for mcG(q)) Let U be the meG(q)
solution of (2.5). Then, there is a constant C = C(q) > 0, such that

(5.14) llell 2o (0.77.00) < CS@NET @M1 (10.77.02)
where the stability factor S(T) = jOT |AT®||;, dt is taken as the maximum
over ¥ = 0 and ||gllz,(o,1),1c) = 1. Furthermore, if assumptions (B1)-

(B4) and the assumptions of Lemma 5.1 hold, then there is a constant C' =
C(q,cx, ), such that

(5.15) le(T)l, < CS(T)[E2973D]|1,__ (o.11.),

for p = 2,00, where the stability factor S(T) is given by S(T) = e“aCaT .
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Corollary 5.4. (A priori error estimate for mdG(q)) Let U be the mdG(q)
solution of (2.5). Then, there is a constant C' = C(q) > 0, such that

(5.16) lell 2 o71,000) < CS(T) KT at*|

Loo([0,77,12)»

where the stability factor S(T) = fOT |AT®||;, dt is taken as the maximum
over ¢ = 0 and ||gllz,(o,11) = 1. Furthermore, if assumptions (B1)-
(B4) and the assumptions of Lemma 5.1 hold, then there is a constant C' =
C(q, ¢k, ), such that

(5.17) le(T)lls, < CST)IF T L gomy s
for p = 2,00, where the stability factor S(T) is given by S(T) = e“aCaT,

5.3. Parabolic problems. We consider the linear parabolic model prob-
lem,

u(t) + A(t)u(t) =0, te€(0,7],
u(0) = up,

with A a positive semidefinite and symmetric N x N matrix for all ¢ € (0,77,
and prove an a priori error estimate for the mdG(g) method. The estimate
is based on the error representation for the mdG(g) method presented in
Section 3 and the strong stability estimate derived in [8]. To prove the a
priori error estimate, we need to make the following assumptions. We first
assume that ¢ is constant within each time slab, that is, for each pair of
intervals I;; and I, within a given time slab, we have as before

(5.18)

(Cl) 4ij = dmn = q.
Furthermore, we assume that A is invertible on (0,7') for ¢ > 2 and refer to
this as assumption (C2).

Additional assumptions, (C3)—(C6), are needed for the strong stability
estimate of [8]. We first assume that there is a constant v > 1, such that
(C3)

Tn

Tn
(T — Tn)/ (Av, Av)dt < 'y/ (Av,m(tAv))dt, n=1,...,M —1,
Tn-1 Tn-1

for all trial functions v, that is, all v discontinuous and piecewise polyno-
mial with v;|r,; € P%(I;;), where t = #(t) is the piecewise constant right-
continuous function defined by £(¢) = ming{T — ;1 :t > t;;-1}. If Av'is
not close to being orthogonal to the trial space, then v is of moderate size.
We also assume that there is a constant ¢ > 1, such that

(C4) oK, <(T-T,), n=1,...,M—1.

This condition corresponds to the condition o K,, < T;,_1 used in the strong
stability estimate for the discrete dual problem in [8]. We further assume
that all components use the same time step on the last time slab Ty,

(05) k’ij =Ky VI,']' e Ty.

Finally, we assume that A is constant and refer to this as assumption (C6).
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Theorem 5.5. (A priori error estimate for parabolic problems) Let U be
the mdG(q) solution of (5.18), and assume that (C1) and (C2) hold. Then,
there is a constant C = C(q), such that

(5.23) le(™) iy < CS(T) oz K2+ Ata(T Dy, + €,

where (k2+1 A9g(a+D), (1) = kiz_;z”HH(A‘hﬂ'u)l(-q”ﬂ) Leo(Ly) Jor t € Iij, E=0

forq=20, and & = .fg(ﬂgqéAq’ququq(];u, AY9®) dt for ¢ > 0. The stability
factor S(T') is given by

T
(5.24) S(T) = /0 [k9(A 9D — 7l Al aq) |, dr.

For ¢ = 0,1, we obtain the following analytical bound for S(T), using as-
sumptions (C3)—(C6),

T 1/2
(5.25) S(T)<C <10g —+ 1> ,
Ky

where C' = C(q,v,0) > 0.
Proof. With ¢ = e(T)/||e(T)|;, and g = 0, it follows by Corollary 3.2 that

T oy
lle(T)|l;, = / (u— ﬂ([iq(];u,AqJ) dt = / (A9(u — ﬂ([lq(];u), A-9®) gt
0 0
T
= /U (A% — 7l A%y 4 7l ATy — At7ld 0, 4198
[ (0] g0y, Al-a
= /0 (A% — my A%u, A71®) dt
T
+ /0 (rl) A%y — ATl AV9B) dt

T
_ / (At — l8) ATy, A1=00 — 7l AL=00) dy + €,
Jo
where we have assumed that A is invertible for ¢ > 2. With S(T) =
T k=9(A=91® — 71971 A1=4®)||,, dt, we thus obtain
o G 2
(D)l < SCT) a1 (A%w = mh AT 1, +

N

1/2
= 5(T) max (Z[k?((AQu)i - w&"é(Aqu)i)l“’) +&

i=1

N 1/2
< OS(T) o, (Z[kf‘“(”“<t>||(AQu>§q'““” |Lmu”<z>>f> v
’ i=1

= OS(T) max K29+ AT @D}, + €.
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Note that we use an interpolation estimate for A%u which is straightforward
since the exact solution u is smooth. We conclude by estimating the stability
factor S(T) for ¢ = 0,1, using the strong stability estimate for the discrete
dual solution ®. For ¢ = 0, it follows directly by Theorem 4.3 in [8], that

T T 1/2
S(T) = / 1AD|, dt < C <1og L 1) ,
0 Ky

and for ¢ = 1, we obtain

T T
S(T) = /0 Ik (@ — 7)1, de < /0 ], d,

using an interpolation estimate in combination with an inverse estimate, and
1/2
so the estimate S(T') < C (log KLM + 1) follows again by Theorem 4.3 in

8-
O

The stability factor S(7T") that appears in the a priori error estimate is
obtained from the discrete solution @ of the dual problem (2.6), and can
thus be computed exactly by solving the discrete dual problem. Allowing
numerical computation of the stability factor, the additional assumptions
(C3)—(C6) needed to obtain the analytical bound for S(T') are no longer
needed. Numerical computation of the stability factor also directly reveals
whether the problem is parabolic or not; if the stability factor is of unit size
and does not grow, then the problem is parabolic by definition, see [2].

6. NUMERICAL EXAMPLES

We conclude by demonstrating the convergence of the multi-adaptive
methods in the case of a simple test problem. We also present some re-
sults in support of assumption (C3).

6.1. Convergence. Consider the problem

Uy = ug,
Uz = —uy,
Uz = —uz + 2uy,

(6.1)

Uy = uy — 2ug,

115 = —Uug — 2u4 + 4“67

ug = uy + 2uz — 4us,

on [0,1] with initial condition w(0) = (0,1,0,2,0,3). The solution is given
by w(t) = (sint,cost,sint + sin 2¢, cos t + cos 2t,sint + sin 2t + sin 4¢, cos t +
cos 2t +cos 4t). For given kg > 0, we take k;(t) = ko for i = 1,2, k;(t) = ko/2
for i = 3,4, and k;(t) = ko/4 for i = 5,6, and study the convergence of the
error ||e(T)||;, with decreasing ko. From the results presented in Figure 3,
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Table 1, and Table 2, it is clear that the predicted order of convergence is
obtained, both for mcG(g) and mdG(q).

[ dG(0)]

/e/ez/e/e/,e-/'e‘/‘@ cG(1)

107 | dG(1n
G(

le(T)u,

-16

ko

FiGure 3. Convergence of the error at final time for the
solution of the test problem (6.1) with mcG(gq) and mdG(g),
q<5.

mcG(q) || 1 2 3 4 5
P 1.993.96 | 5.92 | 7.82 | 9.67
2 2 46| 8|10

TABLE 1. Order of convergence p for mcG(q).

mdG(q) || 0 1 2 3 4 |15
p 0.9212.96 |4.94|6.87|9.10 | —
9+l 1357 ]9 |1

TABLE 2. Order of convergence p for mdG(q).
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6.2. Numerical evidence for assumption (C3). The strong stability
estimate Theorem 4.3 in [8], which is used in the proof of Theorem 5.5,
relies on assumption (C3), which for the dual problem (with time reversed)
can be stated in the form

Tn Tn

(6.2) Tn—l/ (Av, Av)dt < ’y/ (Av,m(tAv))dt, n=2,...,M,
n—1 Th—1

where ¢ = £(t) is the piecewise constant left-continuous function defined by
t(t) = ming;{t;; : ¢ < t;;}. As mentioned, this may fail to hold if Av is
close to orthogonal to the trial space. On the other hand, if every pair of
components which are coupled through A use approximately the same step
size, then m(Av) ~ Av and (6.2) holds. We illustrate this in the case of the
mdG(0) method, where interpolation is given by taking the right end-point
value within each local interval, for A given by

2 -1 0 0 0 0 0 0 0 O]

-1 2 -1 0 0 0 0 0 0 ©

0 -1 2 -1 0 0 0 0 0 0

0 0 -1 2 -1 0 0 0 0 0

4_| 0 0 0 -1 2 -1 0 0 0 0
0 0 0 0 -1 2 -1 0 0 0

00 0 0 0 -1 2 -1 0 0

00 0 0 0 0 -1 2 -1 0

00 0 0 0 0 0 -1 2 -1

0 0 0 0 0 0 0 0 -1 2

We take k;(t) = 1/i for i =1,...,10 on [0,1], and randomize the piecewise
constant function v on this partition. Examining the quotient
C [} (Av, Av)dt
Y =max 4 ———————,
v [y (Av, w(tAv)) dt
with £(t) = ming{C + t;; : t < ;;} for C large, we find v < 1.5. Here, C
corresponds to Tj,—1 in (6.2). In Figure 4, we present an example in which
C =100 and v = 1.05.
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FIGURE 4. Left, we plot a component of the function Av
(solid) and its interpolant 7(Av) (dashed) for the partition
discussed in the text. Above right, we plot C'(Av, Av) (solid)
and (Av, w(tAv)) (dashed), and below right, we plot the cor-
responding quotient C(Av, Av)/(Av, n(tAv)).
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MULTI-ADAPTIVE GALERKIN METHODS FOR ODES V:
STIFF PROBLEMS

JOHAN JANSSON AND ANDERS LOGG

ABSTRACT. We develop the methodology of multi-adaptive time-stepping
for stiff problems. The new algorithm is based on adaptively stabilized
fixed point iteration on time slabs and a new method for the recursive
construction of time slabs. Numerical examples are given for a series of
well-known stiff and non-stiff test problems.

1. INTRODUCTION

This is part V in a sequence of papers [7, 8, 9, 10] on multi-adaptive
Galerkin methods, mcG(g) and mdG(q), for approximate (numerical) solu-
tion of ODEs of the form

u(t) = f(u(t)7t), te (OvTL
(1.1) o) —

where u : [0,T] — RY is the solution to be computed, ug € RN a given
initial value, 7 > 0 a given final time, and f : RV x (0,7] — RY a given
function that is Lipschitz-continuous in u and bounded.

The mcG(q) and mdG(g) methods are based on piecewise polynomial ap-
proximation of degree ¢ on partitions in time with time steps which may vary
for different components U;(t) of the approximate solution U(t) of (1.1). In
part I and II of our series on multi-adaptive Galerkin methods, we prove a
posteriori error estimates, through which the time steps are adaptively deter-
mined from residual feed-back and stability information, obtained by solving
a dual linearized problem. In part III, we prove existence and stability of
discrete solutions, which are used in part IV to prove a priori error esti-
mates. In the current paper, we develop the methodology of multi-adaptive
time-stepping for stiff problems.

1.1. The stiffness problem. As noted already by Dahlquist [1] in the
1950s, there is a certain class of problems, so-called stiff problems, for which
standard explicit methods are not suitable. This is often referred to as the

Date: April 13, 2004.

Key words and phrases. Multi-adaptivity, individual time steps, local time steps, ODE,
continuous Galerkin, discontinuous Galerkin, mcgq, mdgq, explicit, stiff problems.
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stiffness problem. As noted in [3], we run into the same difficulties when
we try to solve the system of equations given by an implicit method using
direct fixed point iteration. Within the setting of multi-adaptive Galerkin
methods, this becomes evident when the adaptively determined time steps
become too large for the fixed point iteration to converge, which typically
happens outside transients. We are thus forced to take (much) smaller time
steps than required to meet the given error tolerance.

In [3], we present a new methodology for the stabilization of explicit meth-
ods for stiff problems, based on the inherent property of the stiff problem
itself: rapid damping of high frequencies. Using sequences of stabilizing
time steps, consisting of alternating small and large time steps, an efficient
explicit method is obtained.

In the current paper, we extend the ideas presented in [3] for the mono-
adaptive ¢G(1) method to general multi-adaptive time stepping. In partic-
ular, we show that the technique of stabilizing time step sequences can be
extended to adaptively stabilized fixed point iteration on time slabs, where
the damping factor a plays the role of the small stabilizing time steps.

1.2. Implementation. The presented methodology has been implemented
in DOLFIN [5], the C++ implementation of the new open-source software
project FENICS [2] for the automation of Computational Mathematical
Modeling (CMM). The multi-adaptive solver in DOLFIN is based on the
original implementation Tanganyika, presented in [8], but has been com-
pletely rewritten for DOLFIN. The new implementation is discussed in detail
in [6].

1.3. Notation. For a detailed description of the multi-adaptive Galerkin
methods, we refer the reader to [7, 8, 9, 10]. In particular, we refer to [7] or
[9] for the definition of the methods.

The following notation is used throughout this paper: Each component
Ui(t),i=1,...,N, of the approximate m(c/d)G(g) solution U(t) of (1.1) is
a piecewise polynomial on a partition of (0,77 into M; subintervals. Subin-
terval j for component i is denoted by I;; = (ti,j,l,tij], and the length of
the subinterval is given by the local time step k;; = t;; —t; ;1. This is
illustrated in Figure 1. On each subinterval I;;, U] I;; is a polynomial of
degree ¢;; and we refer to (I, Uilr,;) as an element.

Furthermore, we shall assume that the interval (0,77] is partitioned into
blocks between certain synchronized time levels 0 =Ty < T} < ... < Ty =
T. We refer to the set of intervals 7, between two synchronized time levels
T,._1 and T,, as a time slab:

Ty ={Lij : Tho1 < tij—1 <ty <Tp}.
We denote the length of a time slab by K,, =T, — T},—1.

1.4. Outline of the paper. We first discuss a few basic and well-known
properties of fixed point iteration in Section 2, and then present our new
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Tnfl Kn Tn

FIGURE 1. Individual partitions of the interval (0, 7] for dif-
ferent components. Elements between common synchronized
time levels are organized in time slabs. In this example, we
have N =6 and M = 4.

methodology of adaptively stabilized fixed point iteration in Section 3. In
Section 4, we then discuss two important parts of the multi-adaptive al-
gorithm: the construction of multi-adaptive time slabs, and the adaptively
stabilized fixed point iteration on time slabs. Finally, in Section 5, we present
numerical results for a sequence of stiff test problems taken from [3].

2. FIXED POINT ITERATION

Let F : RN — RY be a given differentiable function of the form

(2.1) F(z) = - g(a)
and consider the problem of solving the equation

(2.2) F(z)=0

or, alternatively, z = g(z) by fixed point iteration. Given an initial guess

20, we iterate according to

(2.3) 2 = g(znfl) _ mnfl _ (Infl _ g(xnfl)) _ Infl _ F(Inil),

for n = 1,2,..., to obtain the fixed point z satisfying z = g(z). By the
Banach fixed point theorem, this iteration converges to the unique solution
x of (2.2), if the Lipschitz constant L of g satisfies

(2.4) Ly<1,
or, since the Lipschitz constant is bounded by the derivative of g, if ||g’|| < C
with C' < 1 for a suitable norm || - ||. To see this, we note that F(2") =

o = g(a") = g(a" ") — g(a") = g'(§)(a" " — &™), and thus, by (2.3),
(2.5) F(a") =g (OF ("),
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and so the residual F(z™

C <1
For the increment d* = z" — 2™ !, we similarly obtain d” = 2" — 2" ! =
g(a" 1) = g(@"?) = g'(§)(=""" — 2"~?), and thus

(2.6) &= g(©)d

We finally note that for the error ¢ = 2™ — x, with = the solution of (2.2),
we obtain e" = 2" — x = g(z"" 1) — g(x) = ¢'(¢)(z"" ! — ), and thus

2.7) e =g'(€e"

By (2.5), (2.6), and (2.7), it now follows that we can measure either the
residual F'(z™) or the increment d" to determine the convergence of the
error €. If the solution does not converge, the fixed point iteration needs
to be stabilized. In the next section, we present an algorithm for adaptively
stabilized fixed point iteration, based on measuring the convergence of the
residual F'(2™) or the increment d".

) of (2.2) converges to zero if ||¢'|| is bounded by

3. ADAPTIVE FIXED POINT ITERATION

To stabilize the fixed point iteration, we modify the basic iteration (2.3)
according to
(3.1)
" = (Iia)xnfl +ag(xn71) _ ‘/L»”*l,a(l-”*l 7g(£n71) _ xnfl faF(x"’l),

where [ is the N x N identity matrix and the damping factor ais an N x N
matrix to be determined. We will mainly consider the case of a diagonal or
scalar . Note that (2.3) is recovered for a = I.

To show the equivalent of (2.5), we write F(z") = x
form F(z") = (2 — 2" 1) + (2" — g(z" 1)) + (g(z""1) — g(a™)). It now
follows by (3.1) that F(z") = —aF(z" 1) + F(z" 1) + ¢(&)(a" ! —2") =
(I —)F (2™ 1)+ ¢'(&)aF(z"1), and thus

(3.2) F") = [I - (I —4¢(©)a] Fz"").

Similarly, we obtain d”* = 2" — 2" ! = (I — )z ' + ag(z") — (I —
a)z"? —ag(z"?) = (I — a)d” ' + ag (&) (z"! — 2"~2), and thus
(3.3) d"=[I—a(l —g'(¢)] d" "

We also note that z = (I — o)z + ag(z) if = g(z), and thus the error
e" satisfies e” = 2" —x = (I — a)z" ' + ag(z" ') — (I — a)r — ag(z) =
(I —a)en! + ag ()" — 2, ie.,

(3.4) e = [I —a(l — g'(.{))] en L

The question is now how to choose the damping factor . One obvious
choice is to take a such that I —a(I —g'(z"~1)) = 0, where we have replaced
the unknown intermediate value & with the latest known value 2™, This
gives a = (I — ¢'(z" 1))~ = (F/(2"1))"!, and thus
(35) 2" = xn—l _ (F/(:L,n—l))—lF(In—1)7

" — g(2™) in the
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which is Newton’s method for the solution of (2.2).

We now present an algorithm for stabilized fixed point iteration which
adaptively determines the damping factor a, and which avoids computing
the Jacobian F’ and solving a linear system in each iteration as in Newton’s
method. We focus on the case where « is either diagonal or scalar.

3.1. Diagonal damping. Let a = diag(a1,...,ay) be a diagonal matrix,
and assume for simplicity that ¢’ is constant and equal to —B. With this
choice of a, the fixed point iteration is given by

(3.6) o = (1= )z} +aigi(z"™"), i=1,...,N,

i
or 2" = Gox" !, with G, = I — (I + B). We assume that
(1) B is diagonally dominant, and
(2) By >0, i=1,....N.

By (3.4), it follows that the fixed point iteration converges for ||Gq |, < 1,
where ||Gq|li,, denotes the maximum absolute row sum, For i = 1,..., N
we have

N
Z [(Ga)ijl = 11 — i — a; By + o Z |Bijl < |1 —a— aBy| + a;Bi,
Jj=1 J#i

since B is diagonally dominant and B;; > 0. We now take

(3.7 a; =1/(1+ By),

which gives Zﬁvzl [(Ga)ij| = Bii/(1+Bj;) < 1. We thus conclude that if B is
diagonally dominant and By > 0 for each i, then we can choose a diagonal
such that the stabilized fixed point iteration (3.1) converges. We also note
that the convergence may be slow if some Bj; >> 1, since then B;;/(1 + Bj;)
is close to unity.

3.2. Scalar damping. With « € (0,1] scalar, we assume as above that
g = —B is constant. We further assume that

(1) B is non-defective, i.e., B is diagonalizable:
IV = [vl . -’UN} non-singular : V!BV = diag(A1, ..., An),

with Aq,..., A\n the eigenvalues of B;
(2) ReX; > —1 for all \;;
(3) Tm X;|/(1+Re \;) < tan S, for some 3 € (0,7/2), i.e., |arg(1+X;) | <
[ for all \;, as illustrated in Figure 2.
Note that the first condition is not a major restriction. If B should be

defective, B will be made non-defective by a small perturbation, which will
always be introduced through round-off errors.
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Im A

//f

/ = Rel\

FIGURE 2. The eigenvalues A of the matrix B are assumed
to lie within the shaded sector.
n—1

n—1

To determine the size of «, we write the error e in the form e

SN Ll By (3.4), it follows that
N ] N ) N )
e"=(I—-a(l+B)) chﬂ*lvz = 26?71(1 —a(l+ X)) = Zoic;“lv’?
i=1 i=1 i=1
where 0; = 1 —a(1+ X;). It follows that the stabilized fixed point iteration
converges if we take a such that |o;| <1 fori=1,...,N. With
cos 3
(38) &= T max )
we obtain
loi)? = Re ;) + (Im0;)? = (1 — (1 + Re \y))? + o (Im \;)?
=1+ %% —2a(1 +Re \;),
where 7; = |1+ A;|. By assumption, |arg(1+ X;) | < 3, and thus 1+ Re ); >
7; cos 3. Tt follows that

72 cos? 5 cos?
12 222 o _ rpcos*8  2Ficos®f
loil> < 1+a%F S 20708 f = 1+ GRS R~ Temaxa n]
ficos? B 2Fcos?B 4 _Ficos?p
< 1+ T+ max; [\ 14+max; [N;| — 1 1+max; [Aq] <1

and thus the fixed point iteration (3.1) converges.
‘We note that, since « is chosen based on the largest eigenvalue, the con-
vergence for eigenmodes corresponding to smaller eigenvalues may be slow,
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if 7; < 1+ max;|\;|. To improve the convergence for these eigenmodes,
the algorithm determines a suitable number m of stabilizing iterations with
damping factor « given by (3.8), and then gradually increases a by a factor
two, towards a = 1,

(3.9) a—2a/(1+ ).

This corresponds to the use of stabilizing time step sequences in [3] for the
stabilization of explicit methods for stiff problems.

To determine the number m of stabilizing iterations, we note that with
«a = 1, the eigenmode corresponding to the largest eigenvalue will diverge
by a factor max; |A;|. We further note that with damping factor « given by
(3.8), this eigenmode will converge by a factor ~ 1 — cos 3. To compensate
for one iteration with @ = 1, we thus need to choose m such that

(1 —cos B)" max |\i] < 1,
7
giving
log (max; |Ai])

log1/(1 —cos3)
We note that the number of stabilizing iterations becomes large for 3 close
to 7/2, and to limit the number of stabilizing iterations m, we assume in
practice that § = 7 /4, which gives cos § = 1/4/2 and m ~ log(max; |\;).

With a and m determined by (3.8) and (3.10), respectively, we need to
determine the value of p = max; |\;|, which is obtained by cumulative power
iteration as follows. The residual F'(z™), or the increment d", is measured
for a sequence of iterations with a = 1. We let p1 = [|[F(z!)|l1/I1F(2°) |1y,
and for n = 2,3,... determine p,, according to

(3.11) pn = (pn-) " @) /| F @) )™

until p,, has converged to within some tolerance, typically 10%. When p has
been computed, the damping factor o and the number of stabilizing steps
m are then determined for § = 7/4 according to

(3.10) m >

(3.12)

=11,
and
(3.13) m = log p.
As an example, we consider the solution of the linear system
1 0 -1
(3.14) Jsfg(av)fuofKAacf{1}7[}i QOO]x’

by stabilized fixed point iteration, corresponding to one time step of size K =
1 with the dG(0) method for a mass-spring-dashpot system with damping
b = 200 and spring constant x. With x = 104, the system is critically
damped and B = —K A is defective with two eigenvalues of size A = 100.
Although ||B||;, ~ 10* and there is no a € (0, 1] such that ||Gall;, < 1 with
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K = 10% Kk=2-10% k=103
I
1 10° 10°
)
£
10—10 10*10 10*10
0 20 40 0 50 100 0 100 200 300
10° 10° 10°
10" 10 107
3
107 107 107
— ] _— @1
10° 10° 10°
0 20 40 0 20 40 0 100 200 300
n n n

FIGURE 3. Convergence of the stabilized fixed point iteration
for the solution of (3.14) with x = 10%, k = 2-10%, and
k=103

Go = I—a(I+B), the stabilized fixed point iteration converges, by targeting
the stabilization at the largest eigenvalue A = 100. This is illustrated in
Figure 3, where we also plot the convergence for x = 2-10* and x = 103,
corresponding to an under-damped and over-damped harmonic oscillator,
respectively. All three results were obtained using same general iterative
algorithm available in version 0.4.7 of DOLFIN, which automatically detects
the appropriate size of « in each iteration.

Note the different behavior of the convergence for the three different sys-
tems. For x = 10%, there is only one eigenvalue and so o needs to be targeted
only at this eigenvalue. For x = 2-10%, the eigenvalues A\ = 100 + 100i of A
have a large imaginary part, which results in oscillations in the convergence.
For £ = 103, the matrix A has two eigenvalues A\ ~ 5 and Ay ~ 195 of
different magnitudes. For the stabilized fixed point iteration to converge,
it is then important that « is targeted not only at the large eigenvalue As,
but also at the smaller eigenvalue A1, which is accomplished by gradually
increasing the damping factor « after each sequence of stabilizing iterations.
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4. ALGORITHM

The algorithm we propose is a modified version of the algorithm presented
earlier in [8]. Note that the method, mcG(q) or mdG(g), remains unchanged.

The original multi-adaptive iterative strategy of [8] is based on simple
fixed point iteration. For certain problems (stiff problems), this iteration
may fail to converge. We take this as the definition of stiffness: A problem
is stiff when simple fixed point iteration does not converge. With this
definition, the stiffness will depend on the size of the time steps (and thus
on the tolerance) and the exact construction of the time slab, as well as
properties of the differential equation (1.1) itself, such as the eigenvalues of
the Jacobian of the right-hand side f.

The modified algorithm differs from the original algorithm both in how
the time slabs are constructed, and in how the iteration is performed on each
time slab. The new algorithm is intelligent, in the sense that the iterative
strategy is automatically adapted to the detected level of stiffness. This
means in particular that for a non-stiff problem, simple fixed point iteration
is used, essentially corresponding to the original algorithm of [8].

4.1. Recursive construction of time slabs. In [8], time slabs are con-
structed in a way that allows each component to have its individual time
step sequence, independent of the time step sequences for other components.
No restrictions are made on the time step sequences, other than that the
first time step is the same for each component and also that the last time
step for each component may be adjusted to match the given end time T'
for the simulation.

The algorithm presented in [8] gives the proper time step sequence for
each component, but has the disadvantage that there is little structure in
the organization of the time slabs. In particular, a time slab does not have
a well-defined left end-point 73,1 and right end-point T,.

The new algorithm recursively constructs a time slab between two syn-
chronized time levels T;,—1 and T, consisting of at least one element for
every component. Each element (I;;, U] 1;;) Within the time slab satisfies the
relation T,,—1 < ti,jfl < tz‘]‘ <T,.

The time slab is organized recursively as follows. The root time slab
covering the interval (7),—1, T;,] contains a non-empty list of elements, which
we refer to as an element group, and a possibly empty list of time slabs,
which in turn may contain nested groups of elements and time slabs. This
is illustrated in Figure 4.

For the construction of the time slab, we first examine each component
for its desired time step. This time step is adaptively determined by a
controller from the current component residual with the goal of satisfying a
given error tolerance, as discussed in [8]. In the current implementation, a
simple controller, based on the harmonic mean value with the previous time
step, has been used. For each component, an individual controller is used.
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|
I
Th-1 T,

FIGURE 4. The recursive organization of the time slab. Each
time slab contains an element group (shaded) and a list of
recursively nested time slabs. The root time slab in the figure
contains one element group of three elements and three time
slabs. The first of these sub slabs contains an element group
of two elements and two nested time slabs, and so on. The
root time slab recursively contains a total of nine element
groups and 35 elements.

We let k = (k;) denote the vector of desired time steps for the different
components, as determined by the controllers.

To construct the time slab, we let K be the largest time step contained
in the vector k,

(4.1) K =maxk;, i€ly={12,...,N}

We next partition the components into two groups, one group Igpy C Ip
containing components with small time steps, and another group Iy C Ij
containing components with large time steps. For the partition of the com-
ponents, we introduce a parameter 6 € [0, 1], referred to as the partitioning
threshold, which determines the granularity of the time slab. A large parti-
tioning threshold means that each component will have its own time step,
and a small partitioning threshold means that all components will use the
same time step. By varying 6, we may thus vary the multi-adaptive na-
ture of the algorithm. The value of 6 determines (roughly speaking), the
maximum quotient between two different time steps within the time slab.
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All components for which k; < 0K are assigned to the group Iy of com-
ponents with small time steps, and the remaining components for which
k; > 0K are assigned to the group Iy; of components with large time steps.
Among the components with large time steps, we determine the minimum
time step

(4.2) K =mink;, i€ Ip.
The size of the time slab is then adjusted according to
(4.3) T, = min(Ty, + K,T),

i.e., we let K be the size of the time slab and adjust the size if we should
reach the given final time 7. We illustrate the partition of components in
Figure 5.

FIGURE 5. The partition of components into groups of small
and large time steps for § = 1/2.

The time slab is then recursively created by first constructing a list of sub
slabs for the components contained in the group Igg, and then constructing
an element group containing one element for each of the components within
the group Iy, as illustrated in Figure 4. Each of these elements covers the
full length of the time slab, t; ;_1 = T;,—1 and t;; = T,.

Note that we construct the list of sub slabs before we create the element
group. The tree of time slabs is thus constructed recursively depth first.
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This means in particular that the first element that is constructed is for
the component with the smallest time step. The original multi-adaptive
algorithm presented in [8] is based on the principle

(4.4) The last component steps first.

This property is automatically obtained through the depth first nature of the
new recursive algorithm. In Figure 6, we illustrate the recursive construction
of elements by numbering the elements in the order in which they are created.

35
34
33
12 25 32
11 24 31
5 10 23 30
4 9 22 29
3 8 15 18 21 28
2 7 14 17 20 27
1 6 13 16 19 26
| —
Tn—l Tn

FIGURE 6. Numbering of the elements in the order in which
they are created.

The list of sub slabs is constructed sequentially until the list of sub slabs
covers the interval [T),—1,T;,] of the parent (root) time slab. For the con-
struction of each of these sub slabs, we again determine the maximum time
step,

(45) K= max kh i € Ipp.
i

All components within Ipg for which k; < 6K are assigned to the group
Tpoo of components with small time steps within Ipp, and the remaining
components for which k; > K are assigned to the group Ipg; of components
with large time steps within Iog. As before, we let

(4.6) K =mink;, i€ Ly,

and let K be the length of the sub slab. For the components in the group
Tooo, we continue recursively, until the group of components with small time
steps is empty. At that point, the second time slab in the list of time slabs
within the current parent time slab is constructed, until finally all time slabs
and element groups within the root time slab have been created.
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4.2. Adaptive fixed point iteration on time slabs. On each time slab,
the system of discrete equations given by the mcG(g) or mdG(g) method is
solved using adaptive fixed point iteration, as discussed in Section 3. Differ-
ent iterative strategies are used, depending on the stiffness of the problem.

As described in Section 4.1, a time slab contains a number of element
groups (counting also the element groups of the recursively contained time
slabs). Each element group contains a list of elements, and each element
represents a set of degrees of freedom for a component U;(t) on a local
interval I;;.

We may thus view the time slab as a large system of discrete equations
of the form

(4.7) F(z) =0

for the degrees of freedom z of all elements of all element groups contained
in the time slab.

Alternatively, we may view the time slab as a set of coupled sub systems
of the form (4.7), one for each element group, where each sub system consists
of the degrees freedom of each element within the element group.

Since each element can also be viewed as a sub system for the element
degrees of freedom, the time slab can be viewed as a set of sub systems, one
for each element group within the time slab, which each in turn consists of
a set of sub systems, one for each element within the element group.

We present below an iterative strategy that takes advantage of this nested
structure of sub systems, in combination with adaptive stabilization at the
different levels of iteration. We refer to iterations at the element level as
level 1 iterations, and to the iterations at the element group and time slab
level as level 2 and level 3 iterations, respectively.

4.2.1. Nested fized point iteration. The basic principle of the nested fixed
point iteration is that each iteration on a given system consists of fixed
point iteration on each sub system. For fixed point iteration on a time slab,
the nested structure of sub systems consist of elements (level 1) contained in
element groups (level 2), which in turn are contained in the time slab (level
3).

The general algorithm for nested fixed point iteration is given in Table
1. On each level, fixed point iteration is performed as long as a certain
condition (1, 2, or 3) holds. This condition is typically of the form

(4.8) r > tol,

where r is the size of the residual for the current sub system and tol > 0 is a
tolerance for the residual. In each iteration, the current system is updated
and each update consists of successive fixed point iteration on all sub sys-
tems. By different choices of condition for the fixed point iteration and for
the type of adaptive damping on each level, different overall iterative meth-
ods are obtained. We present below four different versions of the iterative
algorithm, which we refer to as non-stiff iteration, adaptive level 1 iteration,
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Iterate(time slab) Update(time slab)
while condition 3 do for each element group do
Update(time slab) / Iterate(element group)
end while end for
Iterate(element group) Update(element group)
—_—

while condition 2 do for each element do

Update(element group) / Iterate(element)
end while end for

Update(element)
Iterate(element) for each degree of freedom
while condition 1 do do
Update(element) — Update(degree of free-
end while dom)
end for

TABLE 1. Nested fixed point iteration on the time slab.

adaptive level 2 iteration, and adaptive level 3 iteration. The solver auto-
matically detects which version of the algorithm to use, depending on the
stiffness of the problem.

4.2.2. Non-stiff iteration. Unless otherwise specified by the user, the prob-
lem (1.1) is assumed to be non-stiff. The non-stiff version of the iterative
algorithm is specified as follows. As discussed in [8], the system of equations
to be solved for the degrees of freedom {,,,} on each element is of the form

19 =0+ [ wl O AUE.Od m= 1,
ij
for the meG(g) method, where 7;;(t) = (t—ti;)/(tij—tij—1) and {wkﬁ”]}%’:l C
Plai=1([0,1]) are polynomial weight functions. For the mdC(g) method, the
system of equations on each element has a similar form.
For each element (I;;,U|y,;), we define the element residual Rf; as

(4.10) R =&, — & — /] fi(U(¢),t) dt,
i
noting that w([;f;’ I'=1 Fora given tolerance tol, we choose condition 1 for
the element iteration as
(4.11) |R;| > tol.

For the iteration on element group level, condition 2 is given by || R, >
tol, with the I3 norm taken over all elements in the element group. Similarly,
condition 3 for the iteration on time slab level is given by |Rf |, > tol,
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with the I norm taken over all elements in the time slab. In each iteration
and for each element, the degrees of freedom are updated according to the
fixed point iteration (4.9). On the element level, the update is of Gauss—
Jacobi type, meaning that the degrees of freedom {&,,} are computed using
previously computed values, i.e., the new values &1,...,§,—1 are not used
when computing the new value of &,,. On the element group level and
time slab level, the update is of Gauss—Seidel type, meaning that when
an element is updated, the latest known values are used for all previously
updated elements.

The nested fixed point iteration continues as long as condition 3 is ful-
filled. In each iteration at all levels, the convergence rate is measured, and
if the convergence rate is not acceptable (or if the residual diverges), the
system is stiff and a different iterative strategy is needed. The new choice
of strategy is given by the iteration level at which stabilization is needed:
If the iteration at element level needs stabilization, we change strategy to
adaptive level 1 iteration. If the iteration at element group level needs stabi-
lization, we change strategy to adaptive level 2 iteration, and if the iteration
at time slab level needs stabilization, we change strategy to adaptive level 3
iteration.

4.2.3. Adaptive level 1 iteration. If the fixed point iteration at element level
does not converge, the strategy is changed to adaptive level 1 iteration,
which is similar to non-stiff iteration except that the iterations at element
level are stabilized. For the mdG(0) method, we modify the fixed point
iteration (4.9) according to

(4<12) Em — (1 - O‘)fm +a

ot / Wl (i (0 (U (8), ) |

ij
with damping factor o determined by
(4.13) o= 1/(1 = ki0fi/0u;(U(t;5), ij)),

and appropriate modifications for higher-order methods, corresponding to
the diagonal damping discussed in Section 3.1. As noted in [8], this type of
iteration may be expected to perform well if the stiffness of the problem is
of sufficient diagonal nature, i.e., if the Jacobian of the right-hand side is
diagonally dominant, which is the case for many problems modeling chemical
reactions.

As before, we measure the rate of convergence. If necessary, the strategy
is changed to adaptive level 2 iteration, if the iterations at element group
level do not converge, and to adaptive level 3 iteration, if the iterations at
time slab level do not converge.

4.2.4. Adaptive level 2 iteration. If the fixed point iteration at element group
level does not converge, the strategy is changed to adaptive level 2 iteration.
The algorithm is similar to adaptive level 1 iteration, except that condition
1 is modified so that exactly one iteration is performed on each element,
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and that the damping factor « is determined at the element group level.
We also perform the iteration at element group level using Gauss—Jacobi
type iteration, with the iteration at time slab level of Gauss—Seidel type. In
each iteration, the convergence rate is measured. Whenever stabilization is
necessary, the damping factor « is determined by cumulative power itera-
tion according to (3.12), the number of stabilizing iterations is determined
according to (3.13), and adaptive stabilization performed as discussed in
Section 3.2.

4.2.5. Adaptive level 3 iteration. If the fixed point iteration at time slab
level does not converge, the strategy is changed to adaptive level 3 iteration.
We now modify condition 1 and condition 2, so that exactly one iteration
is performed on each element and on each element group. The iteration
is now of Gauss—Jacobi type on the entire time slab, except that values
are propagated forward in time between elements representing the same
component. In each iteration, the convergence rate is measured and adaptive
stabilization is performed as discussed in Section 3.2.

4.2.6. Adaptive time step stabilization. If the adaptively stabilized fixed
point iteration fails to converge, we adjust the size of the time slab according
to

(4.14) K, — aky,

and let K, be the maximum allowed size of the time slab for a sequence
of m successive time slabs, with m determined by (3.13), corresponding to
the algorithm presented in [3] for the stabilization of explicit methods for
stiff problems. Note that the limitation on the time step size might force
different components to use the same time steps during the stabilization, in
particular if « is small. After the sequence of m stabilizing time slabs, the
maximum allowed size of the time slab is gradually increased by a factor two,
with the hope that the stiffness can be handled by the adaptively stabilized
fixed point iteration, as discussed above.

5. EXAMPLES

We illustrate the behavior of the multi-adaptive solver for a sequence of
well-known stiff test problems that appear in the ODE literature. To a large
extent, the problems are identical with those presented earlier in [3], where
a stabilized mono-adaptive method was used to solve the problems.

This rich set of test problems presents a challenge for the multi-adaptive
solver, since each of the test problems requires a slightly different strategy
as discussed in Section 4. As shown below, the solver automatically and
adaptively detects for each of the test problems which strategy to use and
when to change strategy.

The results were obtained using the standard implementation of the sta-
bilized multi-adaptive solver available in DOLFIN [5] version 0.4.7, which
includes the full set of test problems. In all examples, the multi-adaptive
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dG(0) method was used, unless otherwise stated. For comparison, we present

the (wall clock) time of simulation for each of the test problems, obtained

on a standard desktop computer (Intel Pentium 4, 1.6 GHz) running Debian

GNU/Linux.

5.1. The test equation. The first test problem is the scalar problem
u(t) + Au(t) =0, te (0,7],

o (6 + u(t) !

u(0) = up,

for T'= 10, A = 1000, and uwp = 1. The solution, which is shown in Figure
7, was computed in less than 0.01 seconds, using (diagonally) damped fixed
point iteration (adaptive level 1 iteration).

1 1
0.8 0.8
— —
o6 o6
IS} IS}
0.4 0.4
0.2 0.2
0 0
0 2 4 6 8 10 0 2 4 6 8 0
t t x107°
10° 10°
— —
107 E 107
) ) /
10" 107
0 2 4 6 8 10 0 2 4 6 8 10
t t x10°

FIGURE 7. Solution and adaptive time step sequence for (5.1).

5.2. The test system. The second test problem is the diagonal problem
u(t) + Au(t) =0, te (0,77,

- (®) + Au(t) 0.7]

u(0) = uo,

for T = 10, A = diag(100,1000), and ug = (1,1). The solution, which is
shown in Figure 8, was computed in 0.01 seconds, using diagonally damped
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(individual for each component) fixed point iteration (adaptive level 1 iter-
ation).

Note that the second component, which decays faster, initially uses smaller
time steps than the first component. Later, when the second component is
out of the transient with the first component still in its transient, the situ-
ation is the opposite with smaller time steps for the first component.

10" >

k()

FIGURE 8. Solution and adaptive time step sequence for (5.2).

5.3. A non-normal test problem. The next problem is the mass-spring-
dashpot system (3.14) with x = 10%, corresponding to critical damping,
ie.,

w(t) + Au(t) =0, te (0,7,
(5.3)
u(0) = uo,

for T =1, with
0o -1
A= { 10 200 ]
and ug = (1,1). The solution, which is shown in Figure 9, was computed
in 0.38 seconds, using a combination of adaptively stabilized fixed point

iteration on the time slab level (adaptive level 3 iteration), and stabilizing
time steps.
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FIGURE 9. Solution and adaptive time step sequence for (5.3).

5.4. The HIRES problem. The HIRES problem (“High Irradiance RE-
Sponse”) originates from plant physiology and is taken from a test set of
initial value problems [11] for ODE solvers. The problem consists of the
following eight equations:

u; = —1.71u; + 0.43us + 8.32us + 0.0007,
ty = 1.71uy — 8.75uq,
uz = —10.03u3 + 0.43u4 4+ 0.035us,
(5.4) Uy = 8.32u2 + 1.71uz — 1.12uy,
o is = —1.745us + 0.43ug + 0.43u7,
ug = —280.0ugug + 0.69u4 + 1.71us — 0.43ug + 0.69uy,
wr = 280.0ugug — 1.81uy,
ug = —280.0ugug + 1.81uy,

on [0,321.8122] with initial condition uy = (1.0,0,0,0,0,0,0,0.0057). The
solution, which is shown in Figure 10, was computed in 0.32 seconds, using
diagonally damped fixed point iteration (adaptive level 1 iteration).
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FI1GURE 10. Solution and adaptive time step sequence for (5.4).

5.5. The Akzo-Nobel problem. We next solve the “Chemical Akzo-Nobel”
problem taken from the test set [11], consisting of the following six equations:

U = —2ry+ry—13— T4,

ug = —0.5r1 —ry —0.5r5 + F,
(5.5) Us = r—ra+trs,

Uy = —T2+7T3— 21y,

s = ro—T3+Ts5,

g = Kgsujug — ug,

on [0,180], where F = 3.3 - (0.9/737 — uy) and the reaction rates are
given by r; = 18.7 - u‘l*\/LTZ, ro = 0.58 - uguy, r3 = 0.58/34.4 - uyus, r4 =
0.09 - uluﬁ‘, and r5 = 0.42 - ug\/ﬁ The initial condition is given by ug =
(0.444,0.00123,0,0.007,0,0.36). The solution, which is shown in Figure 11,
was computed in 0.14 seconds, using a combination of adaptively stabilized
fixed point iteration on the time slab level (adaptive level 3 iteration), and
stabilizing time steps. Note that for this particular problem, the partition-
ing threshold with a default value of § = 0.5 forces all components to use
the same time steps.
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FIGURE 11. Solution and adaptive time step sequence for (5.5).

5.6. Van der Pol’s equation. A stiff problem discussed in the book by
Hairer and Wanner [4] is Van der Pol’s equation,

4 pu? = 1) +u=0,

which we write in the form

(5.6) {1:“ -

iy = —p(ud —1ug —ug.

We take = 10 and compute the solution on the interval [0,100] with
initial condition uy = (2,0). The solution, which is shown in Figure 12,
was computed in 1.89 seconds, using a combination of adaptively stabilized
fixed point iteration on the time slab level (adaptive level 3 iteration) and
stabilizing time steps.

Note how the time steps are drastically reduced at the points where the
derivatives, and thus also the residuals, of the mdG(0) solution are large.
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FIGURE 12. Solution and adaptive time step sequence for (5.6).

5.7. The heat equation. A special stiff problem is the one-dimensional
heat equation,
w(z,t) —u"(z,t) = f(x,t), z€(0,1), t>0,
u(0,t) =u(l,t) =0, ¢t>0
u(z,0) =0, ze€l0,1],
where we choose f(z,t) = f(z) as an approximation of the Dirac delta
function at = 0.5. Discretizing in space, we obtain the ODE
a(t) + Au(t) = f,
u(0) =0,
where A is the stiffness matriz (including lumping of the mass matrix).
With a spatial resolution of h = 0.01, the eigenvalues of A are distributed
in the interval [0,4 - 10*]. The solution, which is shown in Figure 13, was
computed with a partitioning threshold # = 0.1 in 2.99 seconds, using a

combination of adaptively stabilized fixed point iteration on the time slab
level (adaptive level 3 iteration) and stabilizing time steps.

(5.7)

5.8. A chemical reaction test problem. The next problem originating
from 1966 (Robertson) is taken from Hairer and Wanner [4]. This problem
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FIGURE 13. Solution and adaptive time step sequence for (5.7).

models the following system of chemical reactions:
A 0.01 B (slow)
—
B+B ¥ B4C (very fast)
—_—
B+C ' AL O (fast)
—

which gives an initial value problem of the form

i = —0.0du; + 10%ugus,
(5.8) d2 = 0.0du; — 10%uouz — 3 - 1073,
3 = 3-107ud.

We compute the solution on the interval [0,0.3] with ug = (1,0,0). The
solution, which is shown in Figure 14, was computed in 0.01 seconds, using
diagonally damped fixed point iteration (adaptive level 1 iteration).

5.9. A mixed stiff/non-stiff test problem. As a final test problem, we
solve the simple system
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FIGURE 14. Solution and adaptive time step sequence for (5.8).

Uy = ug,
(5.9) g = —(1—ug)u,
ibg 7)\(7.&% + u%)w,

which, since ug ~ 0 and u% + u% ~ 1, we recognize as the combination of a
harmonic oscillator (the first and second components) and the simple scalar
test problem (5.1). We take A = 1000 and compute the solution on [0, 30]
with initial condition ug = (0,1,1). As an illustration, we use the mcG(1)
method for the first two non-stiff components and the mdG(0) method for
the third stiff component.

The solution, which is shown in Figure 16, was computed in 0.06 seconds,
using diagonally damped fixed point iteration (adaptive level 1 iteration).
With a partitioning threshold of default size # = 0.5, we notice that the
time steps for the stiff third component are sometimes decreased, whenever
ki > Oks for i = 1 or i = 2. This is also evident in Figure 15, where we plot
the sequence of time slabs on the interval [10, 30].
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FIGURE 15. The structure of the time slabs on the interval
[10,30] for the solution of (5.9).

FIGURE 16. Solution and adaptive time step sequence for (5.9).
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EXPLICIT TIME-STEPPING FOR STIFF ODES*
KENNETH ERIKSSONT, CLAES JOHNSONT, AND ANDERS LOGG'

Abstract. We present a new strategy for solving stiff ODEs with explicit methods. By adap-
tively taking a small number of stabilizing small explicit time steps when necessary, a stiff ODE
system can be stabilized enough to allow for time steps much larger than what is indicated by classi-
cal stability analysis. For many stiff problems the cost of the stabilizing small time steps is small, so
the improvement is large. We illustrate the technique on a number of well-known stiff test problems.

Key words. stiff ODE, explicit methods, explicit Euler, Galerkin methods
AMS subject classifications. 65L05, 65L07, 65L20, 65L50, 65L60, 65L70, 65M12

DOIL. 10.1137/S1064827502409626

1. Introduction. The classical wisdom developed in the 1950s regarding stiff
ODEs is that efficient integration requires implicit (A-stable) methods, at least outside
of transients, where the time steps may be chosen large from an accuracy point of
view. Using an explicit method (with a bounded stability region) the time steps have
to be small at all times for stability reasons, and thus the advantage of a low cost per
time step may be counterbalanced by the necessity of taking a large number of steps.
As a result, the overall efficiency of an explicit method for a stiff ODE may be small.

The question now is if it is possible to combine the low cost per time step of an
explicit method with the possibility of choosing large time steps outside of transients.
To reach this favorable combination, some kind of stabilization of the explicit method
seems to be needed, and the basic question is then if the stabilization can be realized
at a low cost.

The stabilization technique proposed in this note relies on the inherent property of
the stiff problem itself, which is the rapid damping of high frequencies. This is achieved
by stabilizing the system with a couple of small stabilizing (explicit Euler) steps. We
test this idea in adaptive form, where the size and number of the small time steps
are adaptively chosen according to the size of different residuals. In particular, we
compute rates of divergence to determine the current mode A of largest amplification
and to determine a corresponding small time step k ~ % with high damping. We
test the corresponding adaptive method in the setting of the ¢G(1) method with
fixed point iteration, effectively corresponding to an explicit method if the number of
iterations is kept small. We show in a sequence of test problems that the proposed
adaptive method yields a significant reduction in work in comparison to a standard
implementation of an explicit method, with a typical speedup factor of ~ 100. We
conclude that, for many stiff problems, we may efficiently use an explicit method, if
only the explicit method is adaptively stabilized with a relatively small number of
small time steps, and so we reach the desired combination of a low cost per time step
and the possibility of taking large time steps outside transients. It remains to be seen
if the proposed method can also be efficient in comparison to implicit methods.

We have been led to this question in our work on multi-adaptive ¢G(g) or dG(q)

*Received by the editors June 14, 2002; accepted for publication (in revised form) June 2, 2003;
published electronically December 5, 2003.
http://www.siam.org/journals/sisc/25-4/40962.html
TDepartment of Computational Mathematics, Chalmers University of Technology, SE-412 96
Géoteborg, Sweden (kenneth@math.chalmers.se, claes@math.chalmers.se, logg@math.chalmers.se).
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ODE-solvers based on Galerkin’s method with continuous or discontinuous polyno-
mials of degree ¢, where individual time steps are used for different components (see
[8, 9]). These methods are implicit, and, to realize efficient implementations, we need
to use fixed point iteration with simple preconditioners. With a limited (small) num-
ber of iterations, these iterative solvers correspond to explicit time-stepping, and the
same question of the cost of stabilization arises.

The motivation for this work comes also from situations where for some reason
we are forced to using an explicit method, such as in simulations of very large systems
of chemical reactions or molecular dynamics, where the formation of Jacobians and
the solution of the linear system become very expensive.

Possibly, similar techniques may be used also to stabilize multigrid smoothers.

2. Basic strategy. We consider first the test equation: Find u : [0,00) — R
such that

u(t) + Au(t) =0 fort >0,

(2.1) w(0)

where A > 0 and u® is a given initial condition. The solution is given by u(t) =
exp(—At)u’. We define the transient as {t > 0 : &t < C} with C' a moderate constant.
Outside the transient, u(t) = exp(—At)u’ will be small.

The explicit Euler method for the test equation reads

U ==k AU 4+ U™ = (1= ke U™

This method is conditionally stable and requires that k,A < 2, which, outside of
transients, is too restrictive for large A.

Now let K be a large time step satisfying KA > 2 and let k be a small time step
chosen so that kA < 2. Consider the method

(2.2) U™ =(1—kN™(1 - KNU

corresponding to one explicit Euler step with large time step K and m explicit Euler
steps with small time steps k, where m is a positive integer to be determined. Alto-
gether this corresponds to a time step of size k,, = K + mk. Defining the polynomial
function P(z) = (1 — 6z)™(1 — z), where § = £, we can write method (2.2) in the
form

U™ = P(KNU"

We now seek to choose m so that |P(K\)| < 1, which is needed for stability. We thus
need to satisfy

[1—EXNT™(KA—1) <1,
that is,

log(KA—=1)  log(K\)

2. ~
(23) m7—10g|1—k)\| c

with ¢ = kX a moderate constant; for definiteness, let ¢ = 1/2.
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We conclude that m will be of moderate size, and consequently only a small
fraction of the total time interval will be spent on time-stepping with the small time
step k. To see this, define the cost as

1+m

= = 1/K,1
@ K—‘rkme(/ 1/k),

that is, the number of time steps per unit time interval. Classical stability analysis
with m = 0 gives

(2.4) a=1/k, = /2,

with a maximum time step k, = K = 2/A. Using (2.3) we instead find

(2.5)

o Ltlog(EN/e %bg(](,\)/(K)\) < Ae

YK T log(BN/A
for KA > 1. The cost is thus decreased by the cost reduction factor
2log(KX)  log(K\)

cKx T KA
which can be quite significant for large values of KA.
A similar analysis applies to the system @ + Au = 0 if the eigenvalues {)\;}Y; of
A are separated with 0 < A\ <-+- <\ <2/K and 2/K < \; <--- < Ay. In this
case, the cost is decreased by a factor of

2log(KX;)  log(K\;)

(26) cK\; K\;

In recent independent work by Gear and Kevrekidis [2], a similar idea of combining
small and large time steps for a class of stiff problems with a clear separation of slow
and fast time scales is developed. That work, however, is not focused on adaptivity
to the same extent as ours, which does not require any a priori information about the
nature of the stiffness (for example, the distribution of eigenvalues).

3. Parabolic problems. For a parabolic system,

3.1) u(t) + Au(t) =0 fort >0,
u(0) = u°,
with A a symmetric positive semidefinite N x N matrix and «® € RY a given initial
condition, the basic damping strategy outlined in the previous section may fail to
be efficient. This can be seen directly from (2.6); for efficiency we need KX; > 2,
but with the eigenvalues of A distributed over the interval [0, Ay], for example with
i ~ 3% as for a typical (one-dimensional) parabolic problem, one cannot have both
Xi—1 <2/K and K\; > 2!

We conclude that, for a parabolic problem, the sequence of time steps, or equiva-
lently the polynomial P(x), has to be chosen differently. We thus seek a more general
sequence ki, ..., ky, of time steps such that |P(z)| < 1 for z € [0, KAy], with

- () ()

and K a given maximum step size.
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3.1. Chebyshev damping. A good candidate for P is given by the shifted
Chebyshev polynomial of degree m,

2,
P.(z) =Tn (1 - KfN) :

This gives P.(0) =1 and |P.(z)| <1 on [0, KAn] (see Figure 1). A similar approach
is taken in [11].
Analyzing the cost as before, we have a = m/(k1 + - - - + ky,), with

ki =2/ (L~ $ms1-4)),

and s; the ith zero of the Chebyshev polynomial T,,, = T,,(s), given by s; = cos((2i —
1)m/(2m)), i = 1,...,m. It follows that
TTL/\N/Q m)\N/Q
= = 5— = An/2m.
st 1A —sm) ~ mz N/
The reduction in cost compared to Ay /2 is thus a factor 1/m. A restriction on the
maximum value of m is given by k,,, = 2/(An(1 — s1)) < K that is,
- 2 N 2
= An(1—cos(n/(2m))) ~ Anw2/(8m?2)

for m > 1. With m = (7/4)\/K Xy, the cost reduction factor for Chebyshev damping
is thus given by

«

K =16m?/(An7?)

1/m= ~ (Kyn)~V2

4
K K/\N

3.2. Dyadic damping. Another approach is a modified version of the simple
approach of small and large time steps discussed in the previous section. As discussed
above, the problem with this basic method is that the damping is inefficient for
intermediate eigenmodes. To solve this problem, we modify the simple method of
large and small time steps to include also time steps of intermediate size. A related
approach is taken in [3]. Starting with a couple of small time steps of size k, we thus
increase the time step gradually by (say) a factor of 2, until we reach the largest step
size K. Correspondingly, we decrease the number of time steps at each level by a
factor of 2. The polynomial P is now given by

= ML (- E)B0- )

j=aq+1 i=0

where p and ¢ < p are two integers to be determined. We thus obtain a sequence of
increasing time steps, starting with 27 time steps of size k = 1/Ay, 297! time steps of
size 2k, and so on, until we reach level ¢ where we take one time step of size 27k. We
then continue to increase the size of the time step, with only one time step at each
level, until we reach a time step of size 2Pk = K.

With p given, we determine the minimal value of ¢ for |Py(z)| < 1 on [0, KAn]

for p=0,1,..., and find q(p) ~ Z(p — 1); see Table 1. The cost is now given by

oo @+ +D)+(-q) _ W@ -1+ (p-q)
ﬁ(zq(qu 1) 4+ (20+1 4. 4 27))  24(g+ 1) + (20+1 — 201

o AN/Z AN o pi2p-1) /341 _ AN o (p-1)/3,
2 2
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TABLE 1
Number of required levels with multiple zeros, q, as a function of the total number of levels, p.

[p]0 T 2 3 4 5 6 7 8§ 9 10 11 12 13 14 15 16 |
[¢[0 0 0 1T 2 3 3 4 4 5 6 7 8 8 9 10 10|

Since p = log(K An)/ log(2), the reduction in cost for dyadic damping is then a factor

1

—1/3
T ™ (KAn) 13,

which is competitive with the optimal cost reduction of Chebyshev damping.

4. Comparison of methods. We summarize our findings so far as follows. The
reduction in cost for the simple approach of large unstable time steps followed by small
stabilizing time steps (outlined in section 2) is a factor log(KAy)/(KAy), and thus
this simple approach can be much more efficient than both of the two approaches,
Chebyshev damping and dyadic damping, discussed in the previous section. This
however requires that the problem in question has a gap in its eigenvalue spectrum;
that is, we must have a clear separation into small (stable) eigenvalues and large
(unstable) eigenvalues.

In the case of a parabolic problem, without a gap in the eigenvalue spectrum,
the simple approach of section 2 will not work. In this case, Chebyshev damping and
dyadic damping give a reduction in cost which is a factor (KAy)~"/2 or (KAy)~1/3,
respectively. The efficiency for a parabolic problem is thus comparable for the two
methods. Since the dyadic damping method is a slightly modified version of the simple
approach of section 2, consisting of gradually and carefully increasing the time step
size after stabilization with the smallest time step, thus being simple and flexible, we
believe this method to be advantageous over the Chebyshev method.

As a comparison, we plot in Figure 1 the shifted Chebyshev polynomial P,.(z)
and the polynomial Py(z) of dyadic damping for KAy = 64. With KAy = 64, we
obtain m = (w/4)v/ KAy = 6 for the Chebyshev polynomial. For the dyadic damping
polynomial, we have p = log(KAy)/log(2) = 6, and from Table 1, we obtain g = 3.

As another comparison, we plot in Figure 2 the stability regions for the two
polynomials P.(z) and P4(z) for z € C. In this context, the two polynomials are
given by

(4.1) Pu(z) = ﬁ <1+ 12/_m32>

for s; = cos((2i — 1)mw/(2m)) and

P q N
(4.2) Piz)= [] a+0) ][ +0:2""
Jj=q+1 i=0

for 6; = 2¢/(29(q + 1) + 2P+1 — 29+1). Note that we take z = —K\, where K =
k1+- -+ Ky, is the sum of all time steps in the sequence, rather than z = — K\, where
K < K is the maximum time step in the sequence. To make the comparison fair, we
take m = 5 for the Chebyshev polynomial and (p, ¢) = (3,1) for the dyadic damping
polynomial, which gives the same number of time steps (m = 29t — 1 4+ p—q = 5)
for the two methods.
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Fic. 1. A comparison of the two polynomials for KAn = 64: we take m = 6 for the shifted
Chebyshev polynomial P.(z) and (p,q) = (6,3) for the dyadic polynomial Py(z). With K =1, the

costs are 5.3 and 8, respectively.
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FiG. 2. A comparison of stability regions for the two polynomials, with m = 5 for the shifted
Chebyshev polynomial Pe(z) (left) and (p,q) = (3,1) for the dyadic polynomial Py(z) (right).

From Figures 1 and 2, we see that Chebyshev damping can be slightly more
efficient than dyadic damping; the cost is smaller for a given value of KAy (Figure 1)
and the stability interval on the negative real axis is larger (Figure 2). However,
with dyadic damping we don’t need to assume that the eigenvalues of A in (3.1) lie
in a narrow strip along the negative real axis in the complex plane, as is needed
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with Chebyshev damping. (The stability region of the Chebyshev polynomial can be
slightly modified to include a narrow strip along the negative real axis; see [11].)

5. The general nonlinear problem. We consider now the general nonlinear
problem,

w(t) = f(u(t)) fort>0,

5.1
(6.1) u(0) = u®,

where f : RN x (0,T] — R" is a given bounded and differentiable function. The
explicit Euler method for (5.1) reads

(5.2) U" =U"" 4k, f(U"Y),

where the function U = U(t) is piecewise constant and right-continuous with U™ =
U(t;). The exact solution u satisfies a similar relation,

tn
(5.3) ut=u"m + fu(t)) dt

tn—1
with ™ = u(t,). Subtracting (5.2) and (5.3), we find that the error e(t) = U(t) —u(t)
satisfies

elt]) — elti_y) = /f't" JU(E) — u(t)) dt = /f" Je dt,

tn—1

where J is the Jacobian 3{: of the right-hand side evaluated at a mean value of U and

u. We conclude that the efficiency of the proposed method for the general nonlinear
problem will be determined by the distribution of the eigenvalues of the Jacobian.

6. Iterative methods. From another viewpoint, we may consider using an
explicit-type iterative method for solving the discrete equations arising from an im-
plicit method. The implicit ¢G(1) method with midpoint quadrature for the general
nonlinear problem (5.1) reads

Un—l un
(6.1) Ur=U""+knf <7+) :

2

We can solve this system of nonlinear equations for U™ using Newton’s method, but
the simplest and cheapest method is to apply fixed point iteration directly to (6.1);
that is,

2

U = U 4 f (Unfl + Un,l—l) A

for I = 1,2,... until convergence occurs with U™ = U"~!. The fixed point iteration
converges for a small enough time step k,,, so the stablhty condition for a standard
explicit method appears also in explicit-type iterative methods as a condition for
convergence of the iterative solution of the implicit equations.

To determine a stop criterion for the fixed point iteration, we measure the size of
the discrete residual,

1 urtyum
nl _ = (rrnl n—1y _
= gty - g (T,
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which should be zero for the true ¢G(1) approximation. We continue the iterations
until the discrete residual is smaller than some tolerance tol > 0. Usually only a
couple of iterations are needed. Estimating the error e(T) = U(T) — u(T) at final
time T (see [8]), we have

(T)|| < : 0 ax||r]|,
le(T)ll < ST maxc k| El| + SU(T) max|ir]l

where R(t) = U(t) — f(U(t)) is the continuous residual and S(T) and SO(T) are
stability factors. For the test equation, we have S(T) < 1 and S°(T) < 1/, which
suggests that for a typical stiff problem we can take tol = TOL, where TOL is a
tolerance for the error ¢(T') at final time.

For the discrete residual, we have

1 yn—1 +Unl
nl _ * rmil n—1y _
= k”(U -Uunh f( 2 )
Un— 1 + Unl 1 Un—l + Unl Un,l—l _ Unl
_ —J
/ ) ()=
1 ) Un71 + Un,lfl
— —J|umi-t gt _ g,
2 [ ! 2 ’
which gives
k
(6.2) = g

Thus, by measuring the size of the discrete residual, we obtain information about
the stiff nature of the problem, in particular the eigenvalue of the current unstable
eigenmode, which can be used in an adaptive algorithm targeted precisely at stabiliz-
ing the current unstable eigenmode. We discuss this in more detail below in section 8.

7. Multi-adaptive solvers. In a multi-adaptive solver, we use individual time
steps for different components. An important part of the algorithm described in
[8, 9] is the iterative fixed point solution of the discrete equations on time slabs. The
simple strategy to take small damping steps to stabilize the system applies also in
the multi-adaptive setting, where we may also target individual eigenmodes (if these
are represented by different components) using individual damping steps. This will
be explored further in another note.

8. An adaptive algorithm. The question is now whether we can choose the
time step sequence automatically in an adaptive algorithm. We approach this question
in the setting of an implicit method combined with an explicit-type iterative solver as
in section 6. We give the algorithm in the case of the simple damping strategy outlined
in section 2, with an extension to parabolic problems as described in section 3.

A simple adaptive algorithm for the standard ¢G(1) method with iterative solution
of the discrete equations reads as follows.

1. Determine a suitable initial time step ki, and solve the discrete equations for
the solution U(t) on (to,t1).
2. Repeat on (tp—1,t,) forn=2,3,... until ¢, > T
(a) Evaluate the continuous residual R,,_; from the previous time interval.
(b) Determine the new time step k,, based on R,_i.
(c) Solve the discrete equations on (t,—1,t,) using fixed point iteration.
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In reality we want to control the global error, which means we also have to solve the
dual problem, compute stability factors (or weights), evaluate an a posteriori error
estimate, and possibly repeat the process until the error is below a given tolerance
TOL > 0. The full algorithm is thus slightly more elaborate, but the basic algorithm
presented here is the central part. See [1] for a discussion.

We comment also on step 2(b): For the ¢G(1) method we would like to take
k, = TOL/(S(T)||Ry-1]]), but this introduces oscillations in the size of the time
step. A small residual gives a large time step which results in a large residual, and so
on. To avoid this, the simple step size selection has to be combined with a regulator
of some kind; see [4, 10] or [9]. It turns out that a simple strategy that works well in
many situations is to take k, as the geometric mean value

(8.1) oy = kot
kn + kn—1
where k,, = TOL/(S(T)||Rp-1)-

Now, for a stiff problem, what may go wrong is step 2(c); if the time step &, is too
large, the fixed point iterations will not converge. To be able to handle stiff problems
using the technique discussed above, we propose the following simple modification of
the adaptive algorithm.

1. Determine a suitable initial time step k1, and solve the discrete equations for
the solution U (t) on (tg,t1).
2. Repeat on (t,—1,t,) forn=2,3,... until ¢, > T*
(a) Evaluate the continuous residual R,,_; from the previous time interval.
(b) Determine the new time step k;,, based on R,_i.
(c) Solve the discrete equations on (t,—_1,t,) using fixed point iteration.
(d) If 2(c) did not work, compute

2 |
L G

L=

and take m = log(k,, L) explicit Euler steps with time step k = ¢/L and
¢ close to 1.
(e) Try again starting at 2(a) with n — n +m.

In the analysis of section 2, we had ¢ = 1/2, but it is clear that the damping steps
will be more efficient if we have ¢ close to 1. An implementation of this algorithm in
the form of a simple MATLAB code is available for inspection [7], including among
others the test problems presented in the next section.

We also note that, by (8.1), we have k, < 2k,_1, so, following the sequence
of small stabilizing time steps, the size of the time step will be increased gradually,
doubling the time step until we reach k,, ~ K or the system becomes unstable again,
whichever comes first. This automatically gives a sequence of time steps similar to
that of dyadic damping described in section 3, with the difference being that most of
the damping is made with the smallest time step. For a parabolic problem, we modify
the algorithm to increase the time step more carefully, as determined by Table 1, with
p given by p = log(k, L)/ log(2).

9. Examples. To illustrate the technique, we take a simple standard imple-

mentation of the ¢G(1)-method (with an explicit fixed point solution of the discrete
equations) and add a couple of lines to handle the stabilization of stiff problems. We
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Fia. 3. Solution and time step sequence for (9.1), a/ag ~ 1/310.

try this code on a number of well-known stiff problems taken from the ODE literature
and conclude that we are able to handle stiff problems with this explicit code.

When referring to the cost a below, this also includes the number of fixed point
iterations needed to compute the ¢G(1) solution on intervals where the iterations
converge. This is compared to the cost g for the standard ¢G(1) method in which we
are forced to take small time steps all the time. (These small time steps are marked
by dashed lines.) For all example problems below, we report both the cost « and the
cost reduction factor a/ay.

9.1. The test equation. The first problem we try is the test equation,
a(t) + du(t) =0 fort >0,

(9.1) o(0) — 0,

on [0,10], where we choose u® = 1 and A = 1000. As is evident from Figure 3, the
time step sequence is automatically chosen in agreement with the previous discussion.
The cost is only a &~ 6 and the cost reduction factor is a/ag ~ 1/310.

Note how the time steps are drastically decreased (step 2(d) in the adaptive
algorithm) when the system needs to be stabilized and then gradually increased until
stabilization again is needed.

9.2. The test system. For the test system,
©2) w(t) + Au(t) =0 for t >0,

' u(0) = u°,

on [0, 10], we take A = diag(100,1000) and «° = (1,1). There are now two eigenmodes
with large eigenvalues that need to be damped out. The dominant eigenvalue of A is
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F1c. 4. Solution and time step sequence for (9.2), a/ag ~ 1/104.

A2 = 1000, and most of the damping steps are chosen to damp out this eigenmode, but
some of the damping steps are chosen based on the second largest eigenvalue A; = 100
(see Figure 4). When to damp out which eigenmode is automatically decided by the
adaptive algorithm; the bad eigenmode that needs to be damped out becomes visible
in the iterative solution process. Since there is an additional eigenvalue, the cost is
somewhat larger than for the scalar test problem, o &~ 18, which gives a cost reduction
factor of o/ =~ 1/104.

9.3. A linear nonnormal problem. The method behaves similarly even if we
make the matrix A highly nonnormal. We now solve

u(t) + Au(t) =0 for ¢t >0,

9.3
o u(o) =,
on [0, 10], with
1000 —10000
A= 0 100

and u” = (1,1). The cost is about the same as for the previous problem, a & 17, but
the cost reduction factor is better: «/ag ~ 1/180. The solution and the time step
sequence are given in Figure 5.

9.4. The HIRES problem. The so-called HIRES problem (High Irradiance
RESponse) originates from plant physiology and is taken from the test set of ODE
problems compiled by Lioen and de Swart [6]. The problem consists of the following
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F1G. 5. Solution and time step sequence for (9.3), a/ap =~ 1/180.

eight equations:

w4 = —1.71uy + 0.43uz + 8.32u3 + 0.0007,
’[Lg = 1.71U1 - 8,75112,
w3 = —10.03uz + 0.43uyq + 0.035us,

(9.4) wy = 8.32us + 1.71lug — 1.12uy,

: u5 = —1.745us + 0.43ug + 0.43u7,

g = —280.0ugus + 0.69uy + 1.71us — 0.43ug + 0.69u7,
’[I,7 = 280.0’[14;’[1,8 - 1.81’[1477
ug = —280.0ugug + 1.81uy,

together with the initial condition u® = (1.0,0,0,0,0,0,0,0.0057). We integrate over

[0,321.8122] (as specified in [6]) and present the solution and the time step sequence

in Figure 6. The cost is now « = 8, and the cost reduction factor is a/ag = 1/33.
9.5. The Akzo—Nobel problem. The next problem is a version of the “Chem-

ical Akzo—Nobel” problem taken from the ODE test set [6], consisting of the following
six equations:

Uy = =27y +7ry—7r3 -7y,

Uy = —0.5r1 —rqg —0.5r5 + F,
(9.5) Uz = r1—Tr2+7Ts,

Uy = —T2+713— 214,

Us = T3 —r3+Ts,

ug = T,

where F' = 3.3-(0.9/737—uz) and the reaction rates are given by r; = 18.7-u},/uz, 72 =
0.58-ugug, r3 = 0.58/34.4-ugus, r4 = 0.09-uguj, and r5 = 0.42-u2,/uz. We integrate
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Fia. 7. Solution and time step sequence for (9.5), a/ag = 1/9.

over the interval [0,180] with initial condition u® = (0.437,0.00123,0,0,0,0.367).
Allowing a maximum time step of kmax = 1 (chosen arbitrarily), the cost is only
a =~ 2, and the cost reduction factor is a/ap ~ 1/9. The actual gain in a specific
situation is determined by the quotient of the large time steps and the small damping
time steps, as well as the number of small damping steps that are needed. In this
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Fia. 8. Solution and time step sequence for (9.6), a/ag = 1/75.

case, the number of small damping steps is small, but the large time steps are not
very large compared to the small damping steps. The gain is thus determined both by
the stiff nature of the problem and the tolerance (or the size of the maximum allowed
time step).

9.6. Van der Pol’s equation. A stiff problem discussed in the book by Hairer
and Wanner [5] is Van der Pol’s equation,

i+ p(u? — )i +u =0,

which we write as

= ug,
9.6 .
(9.6) { ty = —p(u? —1ug —uy.

We take o = 1000 and compute the solution on the interval [0, 10] with initial condition
u® = (2,0). The time step sequence behaves as desired with only a small portion of
the time interval spent on taking small damping steps (see Figure 8). The cost is now
a ~ 140, and the cost reduction factor is a/ag & 1/75.

9.7. The heat equation. A special stiff problem is the one-dimensional heat
equation,

(@), ve(01), t>0,
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Fi1G. 9. Solution and time step sequence for (9.7), a/ag =~ 1/31. Note that the time step
sequence in this ezample is chosen slightly differently than in the previous examples, using the
technique of dyadic damping discussed in section 3. This is evident upon close inspection of the
time step sequence.
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Fia. 10. Solution and time step sequence for (9.8), a/ag = 1.

where we choose f(x,t) = f(x) as an approximation of the Dirac delta function at
x = 0.5. Discretizing in space, we obtain the ODE

a(t) + Au(t) = f,

0.7) u(0) =0,

where A is the stiffness matriz. With a spatial resolution of h = 0.01, the eigenvalues
of A are distributed in the interval [0,4 - 10%] (see Figure 9).
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Using the dyadic damping technique described in section 3 for this parabolic
problem, the cost is « &~ 2000, with a cost reduction factor of /oy =~ 1/31.

9.8. A nonstiff problem. To show that the method works equally well for
nonstiff problems, we finally consider the following simple system:

(98) {121 = bugy,

Uy = —uj.

With the initial condition u® = (0, 1), the solution is u(t) = (V/5sin(v/5t), cos(v/5)).
Since this problem is nonstiff (for reasonable tolerances), no stabilization is needed,
and so the solver works as a standard nonstiff ¢G(1) solver with no overhead. This
is also evident from the time step sequence (see Figure 10) which is chosen only to
match the size of the (continuous) residual.
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INTERPOLATION ESTIMATES FOR PIECEWISE SMOOTH
FUNCTIONS IN ONE DIMENSION

ANDERS LOGG

ABSTRACT. In preparation for a priori error analysis of the multi-adaptive
Galerkin methods mcG(g) and mdG(q) presented earlier in a series of
papers, we prove basic interpolation estimates for a pair of carefully
chosen non-standard interpolants. The main tool in the derivation of
these estimates is the Peano kernel theorem. A large part of the paper
is non-specific and applies to general interpolants on the real line.

1. INTRODUCTION

The motivation for this paper is to prepare for the a priori error analysis of
the multi-adaptive Galerkin methods mecG(g) and mdG(q), presented earlier
in [1, 2]. This requires a set of special interpolation estimates for piecewise
smooth functions, which we prove in this paper.

Throughout this paper, V' denotes the space of piecewise smooth, real-
valued functions on [a, b], that is, the set of functions which, for some par-

tition @ = g < 11 < ... < @, < Tpp1 = b of the interval [a,b] and
some ¢ > 0, are C4*! and bounded on each of the sub-intervals (z;_1,x;),
t=1,...,n+ 1. This is illustrated in Figure 1.

For v € V, we denote by mv a polynomial approximation of v on [a,b],
such that mv &~ v. We refer to v as an interpolant of v.

We are concerned with estimating the size of the interpolation error 7v—wv
in the maximum norm, ||-|| = |||z (fa,)), in terms of the regularity of v and
the length of the interval, k = b — a. Specifically, when v € C4*1([a,b]) C V
for some ¢ > 0, we obtain estimates of the form

(L) @)@ —o® | < CRE P p=0,.. g+ L.

In the general case, the interpolation estimates include also the size of the
jump [v®)], in function value and derivatives at the points of discontinuity
within (a, b).

Date: March 15, 2004.

Key words and phrases. Multi-adaptivity, individual time steps, local time steps, ODE,
continuous Galerkin, discontinuous Galerkin, mcgq, mdgq, a priori error estimates, Peano
kernel theorem, interpolation estimates, piecewise smooth.
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FIGURE 1. A piecewise smooth function v and its interpolant 7v.

1.1. Outline of the paper. We first assume that v € C4*1([a,b]) C V and
use the Peano kernel theorem to obtain a representation of the interpolation
error mv — v (Section 2). We then directly obtain interpolation estimates
(for v € C4*1([a,d])) in Section 3.

In Section 4, we generalize the interpolation estimates from Section 3
to v piecewise smooth by constructing a regularized version of v. Finally,
in Section 5, we apply the general results of Section 4 to a pair of special
interpolants that appear in the a priori error analysis of the mcG(g) and
mdG(g) methods.

2. THE PEANO KERNEL THEOREM

The basic tool in our derivation of interpolation estimates is the Peano
kernel theorem, which we discuss in this section. In its basic form, the Peano
kernel theorem can be stated as follows.

Theorem 2.1. (Peano kernel theorem) For A a bounded and linear func-
tional on V' that vanishes on P([a,b]) C V, define

1
(2.1) K(#t) = A= %),

where vy (t) = max(0,v(t)). In other words, K(t) = Aw/q!, with w(z) =
[max(0,z — t)]9. If K has bounded variation and v € C1+*([a,b]), then

(2.2) Av = /bK(t)v(q“) () dt.

Proof. See [3]. O
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Let now v € V and let
(2.3) m:V — Pi([a,b]) C V.
If we can show that
(1) 7 is linear on V,
(2) 7 is exact on P9([a,b]) C V, that is, mv = v for all v € PI([a,b]),
and
(3) 7 is bounded on V, that is, ||7v|| < C
constant C' > 0,

then the Peano kernel theorem directly leads to a representation of the
interpolation error mv — v.

v|| for all v € V for some

Theorem 2.2. (Peano kernel theorem II) If 7 is linear and bounded (with
constant C > 0) on'V, and is ezact on P([a,b]) C V, then there is a bounded
function G : [a,b] x [a,b] — R, with |G(z,t)| < 1+ C for all x,t € [a,b],
such that for all v € CI*1([a, b]),

kit

! (¢+1)
(2.4) mo(z) —v(z) = TE/{I v (t)G(x,t)dt

where k = b — a. Furthermore, if g is an integrable, (essentially) bounded
function on [a,b], then there is a function Hy : [a,b] — R, with [Hy(z)| <
(1+C)\gll for all z € [a,b], such that for all v € C1*1([a,b]),

b g1 b
(2.5) /a (mo(z) —v(x)) g(z) dx = kT /a q+1)(1) o(z) d.

Proof. To prove (2.4), we define for any fixed z € [a, b],
Ayv = mo(z) — v(z),

which is linear, since 7 is linear. Furthermore, if v € P9([a,b]) then mv = v
so A, vanishes on P9([a, b]). From the estimate,

[Agv] = |mv(z) — v(2)] < [ro(@)] + |v(@)] < (14 C)lvll,
it follows that A, is bounded. Now,

K(t) = %Az((-—t)‘i):i[Tr((-—t)i)(x)—(z—t)i]

- w50 ()] - oo

where |G(z,t)| <1+ C for ,t € [a,b]. Thus, by the Peano kernel theorem,

kq+1

b
mu(z) —v(z) = Agv = T%/ VD (G, t) di.
N a

To prove (2.5), define A by

b
to= [ (ro(e) ~ vi)go) do,
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- S () 0= () oo

which is linear, bounded, and vanishes on P%([a, b]). Now,
1
K() = q—/ [~ %)) — (&~ 0)%] g(a) do
kq+1
= ——H,(),
where Hy(t) < (14 C)||g| for ¢ € [a,b]. By the Peano kernel theorem, it
now follows that

b kq
/ (ro(e) — oe))gla) o = == " o@D () (1) dt.

O

In order to derive a representation for derivatives of the interpolation
error, we need to investigate the differentiability of the kernel G(z,t).

Lemma 2.1. (Differentiability of G) If 7 is linear on V, then the kernel G,
defined by

o ono(())o (5.

has the following properties:

(i) For any fized t € [a,b], G(-,t) € CT"!([a,b]) and

P

apG(act)fk PGyp(x,t), p=0,...,q

where each Gy is bounded on [a,b] x [a,b] independent of k.
(ii) For any fived x € [a,b], G(z,-) € C?7Y([a,b]) and

or ,
(2.8) %G(m,t) =k7PGyp(z,t), p=0,...,q,

(2.7)

where each Gy, is bounded on [a,b] X [a,b] independent of k.
(i) For x # t and p1,p2 > 0, we have

or2 gr1

dapz otp1

where each Gz p, ps is bounded on [a,b] x [a,b]\{(z,t) : & =t} independent

of k.

Proof. Define

Glat) == ((%)1) (@) — (x;)i = g(z,1) — h(,1).

We first note that for any fixed ¢ € [a,b], h(-,t) € C97([a, b]) with

or P (x—t\? q! z—t\TP
— = — — kP — kP
o = 5 < k >+ AP ( K >+ K P hap(@,1)

(2'9) G(Z t) = k_(pl+p2)Gt,w,p1,p2 (I, t)7
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where hy ;, is bounded on [a,b] X [a,b] independent of k. Similarly, we note
that for any fixed x € [a,b], h(z,-) € C171([a, b]) with

oP P (z—t\? g(=1)P [z —t\TP
oty =— (2) =k T20) —kPhyy(at
o) = 5 < k >+ @'\ k ), (1)
where hy ) is bounded on [a,b] X [a, b] independent of .
If we now let 7o 1) denote the interpolant shifted to [0,1], we can write

G (22
i +
— o (- “;“))i) (o - a)/b),

and so, for any fixed ¢ € [a,b], g(-,t) € P4([a,b]) C C?7'([a,b]), with

sest(et) = 1wy (= ) (o= /i) =P,

+
where g, is bounded on [a,b] x [a,b] independent of k. Finally, let s =
(t —a)/k. Then,

g(a,t) = mo ((- — 5)1) ((z - a) /k)).

The degrees of freedom of the interpolant gy (( — s)‘i) are determined by
the solution of a linear system, and thus each of the degrees of freedom (point
values or integrals) will be a linear combination of the degrees of freedom

g(x,t)

of the function (- — )%, each of which in turn are €971 in the s-variable.
Hence, g(z,-) € C97([a,b]) for any fixed = € [a,b], with
P oP

9@t = srmoa (= 9)1) (@ - a)/k)

2 o (= 9)5) (@ — )/k) = K Py, )

where g, is bounded on [a, b] X [a, b] independent of k. We now take G, =
9z,p — hep and Gyp = g1 — hyp, which proves (2.7) and (2.8).
To prove (2.9), we note that

P g~ (wit)qul
—h(z,t) =k P ——— | —— ,
g " =R )L

and so, for x #t,

0% O t) = kvt g(=p” <z7t>q’(”'*"”

Qa2 Ot (g=i+p)!\ & /),
when p1 + p2 < ¢ and %%h(w,t) =0 for p; + p2 > ¢. Furthermore, for
any fixed z,
opr1 opr1

S 9@ t) = kP oo (= )1) (@ = a)/k)).
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With y = (x — a)/k, we thus have

or2 gpr1 _ ' orz op1
%M!J(«T,ﬂ =k (p‘+p2)ayp2 Hgp T10.1] ((-=9)1) @)
We conclude that
orz gn _ .
OxP2 Ot G(m, t) =k (pl+pZ)Gf=I-P1-,P2 (‘Tvt)v
where G 3 p, p, is bounded on [a,b] x [a,b]\{(z,t) : = t}. O

By differentiating (2.4), we now obtain the following representation for
derivatives of the interpolation error.

Theorem 2.3. (Peano kernel theorem III) If 7 is linear and bounded on V,
and is exact on PI([a,b]) C V, then there is a constant C > 0, depending
only on the definition of the interpolant (and not on k), and functions G, :
[a,b] x [a,b] = R, p=0,...,q, such that for all v € CIT([a,b]),

(2.10)

katl-p 1 b
(70) P (2) — 0P (z) = o E/v(q“)(t)G,,(z,t)dt, p=0,...,q,

where for each p, |Gp(x,t)| < C for all x,t € [a,b] x [a,b].

Proof. For p = 0 the result follows from Theorem 2.2 with Gy = G. For
p=1,...,q, we differentiate (2.4) with respect to z and use Lemma 2.1, to
obtain

ke b or
P () — v® () = [ D)
(m0) P (z) — o®)(z) = q!/a oD () 5 Gl 1) dt

ka-p b
==/ o) ()G p(, t) dt.

3. INTERPOLATION ESTIMATES

Using the results of the previous section, we now obtain estimates for the
interpolation error mv — v. The following corollary is a simple consequence
of Theorem 2.3.

Corollary 3.1. If 7 is linear and bounded on V', and is ezact on P1([a,b]) C
V', then there is a constant C = C(q) > 0, such that for all v € CI7([a, b)),
(3.1) ()@ —v® || < CR P ||olr Y],
forp=0,....,r+1,r=0,...,q.

Proof. If 7 is exact on P?([a,b]), it is exact on P"([a,b]) C PI([a,b]) for
r=0,...,q. It follows by Theorem 2.3 that for all v € C*+V([a,b]), we

have
[[(rv)® — P || < CRHP |l
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for p =0,...,7. When r < ¢, this holds also for p = r +1 < ¢, and for
p=r+1=gq, we note that ||(7v)® — @) = |o@| = [oC+D]. O

This leads to the following estimate for the derivative of the interpolant.

Corollary 3.2. If 7 is linear and bounded on V', and is exact on P([a,b]) C
V', then there is a constant C' = C(q) > 0, such that for all v € C971([a, b)),

(32) (o) < O],
forp=0,...,q.

Proof. 1t is clear that (3.2) holds when p = 0 since 7 is bounded. For
0 < p < g, we add and subtract v, to obtain

1w0)® | < [|(7w0)®) = o@)|| + 0@

Since 7 is exact on P9([a, b]), it is exact on PP~1([a,b]) € P9([a,b]) for p < g.
It follows by Corollary 3.1, that

)P < CEDHP @D | 1 o0 = (C 4 1) o] = o).

O

Finally, we show that it is often enough to show that 7 is linear on V' and
exact on P9 ([a,b]), that is, we do not have to show that 7 is bounded.

Lemma 3.1. If 7 : V — P9([a,b]) is linear on V, and is uniquely de-
termined by ny interpolation conditions and ne = q + 1 — ny projection
conditions,

(3.3) mo(x;) =v(z;), t=1,...,n1,

where each x; € [a,b], and
b

(3.4) /b mo(z)w;(z) de = / v(z)wi(z)dz, i=1,...,n9,

a
where each w; is bounded, then m is bounded on V', that is,

(3.5) lmo]| < C|lv|]| Vv eV,
for some constant C' = C(q) > 0.
Proof. Define || - || on P?([a,b]) by

ny n2

folle = > o)+
i=1 i=1

Clearly, the triangle inequality holds and |jav|. = |af||v||« for all o € R.
Furthermore, if v = 0 then ||v||. = 0. Conversely, if |[v|, = 0 then v €
P9([a,b]) is the unique interpolant of 0, and so v = 70 = 0 by linearity.
Thus, || - ||« is a norm. Since all norms on a finite dimensional vector space
are equivalent, we obtain

7ol < Cllmvlle = Cllvlle < Clna + C'ng)|lv]] = C”|Jvll.

%/bv(aﬁ)wz(i) dz|.
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4. INTERPOLATION OF PIECEWISE SMOOTH FUNCTIONS

We now extend the interpolation results of the previous two sections to
piecewise smooth functions.

4.1. Extensions of the Peano kernel theorem. To extend the Peano
kernel theorem to piecewise smooth functions, we construct a smooth ver-
sion v, of the discontinuous function v, with v, — v as ¢ — 0. For the
construction of v, we introduce the function

atl m .2(g+1)—2m
_ g+ 1\ (=1)ma2t)

m=0 m
where
q+1 -
_ q+1 (=™
(42) C<mz:0<m)2(¢1+1)—2m+1>

In Figure 2, we plot the function w(z) on [—1,1] for ¢ =0,...,4.

0.8-

0.6

0.4

FIGURE 2. The function w(z) on [-1,1] for ¢ =0,...,4.
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Let also Tyv denote the Taylor expansion of order ¢ > 0 around a given
point y € (a,b). For € > 0 sufficiently small, we then define
(4.3)
(1 _ w) Ty cv(w) + 2@/ ),
x € [z — €21 + €,
ve(z) =14 ...
(1 wllemegl/OR) 7, () + le=ml/ Iy, | o(a),
T E [Ty — €,y + €,
with ve = v on [a,b]\ ([x1 —€, 21 +€]U. .. U[z,, —€, 2, +€]). As a consequence
of the following Lemma, v, has ¢ + 1 continuous derivatives on [a, b].

Lemma 4.1. The weight function w defined by (4.1) and (4.2) has the
following properties:

(4.4) —1=w(-1) <w(x)<wl)=1, =zecl[-1,1],
and
(4.5) w? (1) =w? (1) =0, p=1,....¢+1

Proof. 1t is clear from the definition that w(1) = 1 and w(—1) = —1. Taking
the derivative of w, we obtain

dw . . § g+1 (_1)m%$2(q+1)72m+1
E(l) m 2(¢+1)—2m+1

m=0
g+l

q+1\ o 2g+1)—2m
c;}( . >( ™z

= C(2-1)" = C(z + 1) (z — 1)7H,

and so w® is zero at x = +1 for p=1,...,q+ 1. Furthermore, since %
has no zeros within (—1, 1), w attains its maximum and minimum at x =1
and x = —1 respectively. O

This leads to the following extension of Theorem 2.2.

Theorem 4.1. (Peano kernel theorem for piecewise smooth functions) If
7 is linear and bounded (with constant C > 0) on V, and is exact on
Pi(la,b]) C V, then there is a bounded function G : [a,b] x [a,b] — R,
with |G(x,t)| <1+ C for all z,t € [a,b], such that for v piecewise CI1 on
[a, b] with discontinuities at a < x1 < x3 < ... < x, < b, we have

(46)

ki1 (b LA
mo(x) - v(@) = ——7 / V(G ) dt + Y Y Cgjm(@) ™ 0™,
¢ ko j=1m=0

where k = b —a and for each Cyjm we have |Cyjm(z)| < C for all x € [a,b)].
Furthermore, if g is an integrable, (essentially) bounded function on [a,b],
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then there is a function Hy : [a,b] — R, with |Hg(z)| < (14 C)||g|| for all
x € [a,b], such that

kq+1

b b
[ i)~ eat@yas = S [ @) @) o

(4‘7) n q
S D@k ™
j=1m=0
where for each Dy, we have |Dy;,,(x)| < C for all x € [a, b].

Proof. Without loss of generality, we can assume that v is discontinuous
only at z1 € (a,b). Fix x € [a,b]\{z1}, take 0 < € < |z — 1], and define v,
as in (4.3). Then,

T —v = (v — ) + (Tve — ve) + (ve — V),

where |mv(z) — mve(z)] — 0 and |ve(z) — v(z)| — 0 when ¢ — 0. Since
ve € C971([a, b]), we have by Theorem 2.2,

ke [P
TUe(x) — ve(x) = ?/ VD DG (a, t)dt = I + I + I,
N a
where

k4 T1—€

nL== VD () G(x, t) dt,
q:- Ja
ka  [rite

L=— D (G, t) dt,
Q@ Sz
kv b

L=~ VD (DG, t) dt.
q: x1+€

Since v|jq0) € clatll([a, 1)) and V(21,5 € Clatll((xy,0]), it is clear that

q b
L+1I;= % / oD )G, t) dt + O(e).

We therefore focus on the remaining term I5. With w¢(t) = M,

we have

q [rxTite
L= = / W8V ($)G (e, 1) dt
9 Jay—e
k4 T +e€ (a+1
= ?/ [(1 = we) Ty —ev + Ty 1009 ()G, 8) dt
L -
atl g @1 te
= > %(q;1> / [(1 —we) Ty 4 MT | ()G, ) dt
m=0 1 r1—e
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with obvious notation. Evaluating the integrals Io,,, we have for m = 0,

xr1+e€
Ing = / [(1 —w) O wgo)T;ﬁE(’)v] 1)G(x,t)dt = O(c),

r1—€

while for m =1,...,q + 1, we obtain

T1+e
Im = / [(1—wf)“")T.i?ti*"%+u;§m)T;$1§*m>v (H)G (=, ) dt

T1—€

xr1+e€e
[ @ - 18 u0)6 G, 0 .
x

T1—€
T1—e€

Let now h = (T;‘llj:*m)v - T;‘fflfm)v)G(x,-) and note that by Lemma

2.1, h € CTY([z1 — €,71 + ¢]). Noting also that wgm)(ml te) = 0 for
m=1,...,q+ 1, we integrate by parts to obtain

T1+€
Iy, = / wgm) (t)h(t) dt
Jx1—e

r1+€
(-1)m™! / w! ()R (t) dt

1—€

_1ym—1 T1t€

- 95— /+ w/((t = 2) )™ (1) di

= G [ g -y,
o(=pmt

1
- — / (5% — l)qﬂh(m*l)(zl + es)ds,
-1

where C' is the constant defined in (4.2). Evaluating the derivatives of h, we
obtain

h(m—l) amt (T(fﬂrl*m)v 7T(Q+1—m)v)G(ZL_ )
drm—1 T1t+e€ z1—e€ ’
m—1
m—1 T—m+j I—mti i
= 3 (M@ e el
=0

—

m—

B (m]— 1) {U@f(mflfj))] G (2, + Oe),

=0
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where Ggp) (z,t) denotes %G(z,t). Consequently,
q+1 m—1 1
L o= Y comikt [U(q,(m,l,J))] / (52 = )G D (g, + €s) ds + O(e)
m=1 j=0 r1J-1
q+1 m—1 1
= Z Z Cqmjik? [v(qf(mflf‘m] GE7"717‘7)(w,z1)/ (s* = 1) ds + O(e)
m=1 j=0 o1 -1
q
= 3 kI GIT (@, 21) [v<"">] +0(e).
m=0 b

Letting ¢ — 0, we obtain

k4 b L -m m
mo(z) —v(x) = 7 /a o) ()G, t) dt + Z cqungq )(z,zl) [U( )}

1
m=0

for & € [a,b]\{x1}. By continuity this holds also when 2 = 2;. From Lemma

2.1, we know that Ggqu) (z,21) = k’(q’m)Gt,q_m(z,zl) where Gy g, is
bounded. Hence,

m(z) —v(z) = %/bv(”l)(t)G(z,t)dt

a

q
+ Z CquQ7(q7m)Gt,q—m(Ia xl) |:U(m):|z1

m=0
Laly oy 1 -
= E/ o\ (t)G(I,t)dt-i- ZC(]77L($7$1)km [vm]
o m=0 T

where Cyp,(x,21) is bounded on [a, b] X [a, ] independent of k. The second
result, (4.7), is proved similarly. O

We now extend this to a representation of derivatives of the interpolation
error, corresponding to Theorem 2.3.

Theorem 4.2. (Peano kernel theorem for piecewise smooth functions II) If
7w is linear and bounded on V, and is exact on P9([a,b]) C V, then there is
a constant C > 0, depending only on the definition of the interpolant (and
not on k), and functions Gy, : [a,b] X [a,b] = R, p=0,...,q, such that for v

piecewise CIT1 on [a,b] with discontinuities at a < 1 < 3 < ... < Ty < b,
we have
fatl-pq b
(m0) P (z) — v (z) = 0k /a 7)(q+1)(t)Gp(x,t) dt
(4.8) n q
+ 3D Cojmp(@)k™ Pol™],,
j=1m=0

forp=0,...,q, with|Gp(z,t)| < C forallz,t € [a,b]x[a,b], and |Cyjmp(z)| <
C for all x € [a,b] \ {z1,..., 20}
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Proof. For p = 0, the result follows from Theorem 4.1 with Gy = G and
imo = Cgjm. For p=1,...,q, we differentiate (4.6) with respect to z, to
Cyj Cyjm- F 1 differentiate (4.6) with t to z, t
obtain
@) @ KLY s g & SN ) (g )
(7)) (z) — v @ (z) = al (1) 7Gx t) dt+> 3 O @)k ™,

a j=1m=0

From Lemma 2.1, we know that 25G(z,t) = k PGy p(z,t), where Gy, is
bounded on [a,b] X [a,b]. Furthermore, from the proof of Theorem 4.1, we
know that
C(P) — — ar
qjm,(x) = mcqjm(x) = wcqut,q—m(ij)
o 9™

pa—m 2
OxP Ota—m

G(l'ij)y

and so, by Lemma 2.1,

Céfz,,(w) = Cquqimki(qiwwmGt,z‘qu,p(xafL’j) = Cojmp(x)k™",

where each Cgjmp is bounded on [a,b]\{z1,...,z,}. O

4.2. Interpolation estimates. The following corollary, corresponding to
Corollary 3.1, is a simple consequence of Theorem 4.2.

Corollary 4.1. If 7 is linear and bounded on V', and is exact on P1([a,b]) C
V', then there is a constant C = C(q) > 0, such that for all v piecewise CI+*
on [a,b] with discontinuities at a < x1 < ... <z, <b,
[U(m)] ,
xj

7

49)  [(m0)® =@ < CE P+ 03D R
j=1m=0

forp=0,...,r+1,r=0,...,q.
Proof. See proof of Corollary 3.1. O

We also obtain the following estimate for derivatives of the interpolant,
corresponding to Corollary 3.2.

Corollary 4.2. If 7 is linear and bounded on 'V, and is exzact on P([a,b]) C

V, then there is a constant C = C(q) > 0 and a constant C' = C'(¢q,n) > 0,

such that for all v piecewise CIt1 on [a,b] with discontinuities at a < 1 <
o)D) < Cl® ) +C 303 k™"

<y <D,
j=1m=0 z

p—1
<C (Iv(ml + k"”’lv(’”)> :
m=0

n p-l

J

(4.10)

forp=0,....q.
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Proof. 1t is clear that (4.10) holds when p = 0, since 7 is bounded. As in

the proof of Corollary 3.2, we add and subtract v®) for 0 < p < g, to obtain
o) @ < [|(x0)®) = 0@ + o).

Since 7 is exact on P4([a, b]), it is exact on PP~ 1([a,d]) C P4([a,b]) for p < q.
It follows by Corollary 4.1 that

n p—1
@) < CrEDHP =D)L 037§ pmor [7,(m)} ‘ T @)
j=1m=0 i
n p—l
< CHU(@)H +CZ Z fm—p [,U(M)]
=1 m=0 T
p—1
< @ +20n Y kP
m=0
p—1
<o <nv<ﬁ>n Y km-ﬁuv“"’n) .
m=0

5. TWO SPECIAL INTERPOLANTS
In this section, we use the results of Sections 2-4 to prove interpolation
estimates for two special interpolants.
For the mcG(g) method, we define the following interpolant:
ml .V = P([a,b]),
(5.1) m%v(a) = v(a) and 7%o(b) = v(b),
b
/ (v— 71'([:%]}’0)’[1) dr =0 Yw e PI%([a,b]),

where V denotes the set of functions that are piecewise C4*! and bounded
on [a,b]. In other words, WE%U is the polynomial of degree ¢ that interpolates
v at the end-points of the interval [a,b] and additionally satisfies ¢ — 1
projection conditions. This is illustrated in Figure 3. We also define the
dual interpolant WE(IC]; as the standard La-projection onto P4~1([a, b]).

For the mdG(g) method, we define the following interpolant:

74V — PI([a, b)),
(5.2) mio(8) = v(),
b
/ (v— W([f(]:v)w dr=0 Ywe P ([a,b]),

that is, ﬂ([iq(];v is the polynomial of degree ¢ that interpolates v at the right
end-point of the interval [a, b] and additionally satisfies ¢ projection condi-

tions. This is illustrated in Figure 4. The dual interpolant Tl'gq(];,, is defined
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similarly, with the only difference that we use the left end-point x = a for
interpolation.

FIGURE 3. The interpolant 7/%v (dashed) of the function
v(z) = @ sin(7z) (solid) on [0,1] for ¢ = 1 (left) and ¢ = 3
(right).

FIGURE 4. The interpolant W([iqé’l) (dashed) of the function
v(z) = x sin(7z) (solid) on [0,1] for ¢ = 0 (left) and ¢ = 3
(right).

It is clear that both 71'£(1C]; and W([lq(]; are linear and so, by Lemma 3.1, we

only have to show that W% and 7r£‘qc]; are exact on P9([a,b]).

Lemma 5.1. The two interpolants 71'&2]} and 71'([1(1(]; are exact on PI([a,b]), that
18,

(5.3) 7T£‘év =v Yov e Pi(a,b)),

and

(5.4) o —v Vo e PI([a,b)).
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Proof. To prove (5.3), take v € P%([a,b]) and note that p = WE%]}U —v €
Pi([a,b]). Since p(a) = p(b) = 0, p has at most ¢ — 2 zeros within (a,b)
and so we can take w € P47%([a,b]) with pw > 0 on [a,b]. By definition,
f: pwdz = 0, and so we conclude that p = 0.

To prove (5.4), take p = qu(];v —v € P([a,b]). Then, p(b) = 0 and so
p has at most ¢ — 1 zeros within (a,b). Take now w € P77 1([a,b]) with
pw > 0 on [a,b]. By definition, jab pwdt = 0, and so again we conclude that
p=0. ]

The desired interpolation estimates now follow Corollaries 3.1, 3.2, 4.1,
and 4.2.

Theorem 5.1. (Estimates for ﬂ'gé]; and W([lq(];) For any q > 1, there is a

constant C' = C(q) > 0, such that for all v € C"*1([a, b]),

(5.5) I(xdo)® —o®|| < Ok P o0,
forp=0,...;r+1,r=0,...,q, and

(5.6) Ix0) @ < Cllo®),

for p = 0,...,q. Furthermore, for any q > 0, there is a constant C =
C(q) > 0, such that for all v € C"+1([a, b]),

(5.7) (o) = o) < CRH1P D
forp=0,...;r+1,r=0,...,q, and

(5.8) o)l < Cll®,

fm“p:O,‘..,q.

Theorem 5.2. (Estimates for 7737(]; and ﬂ‘[_lq(]; II) For any ¢ > 1 and any

n >0, there is a constant C = C(q) > 0, such that for all v piecewise C"+*
on [a,b] with discontinuities at a < x1 < ... <z, <b,
{U(m)]
T

n T
(5.9) (@) —o®| < CR P 4 03 ST R

j=1m=0 7
forp=0,....r+1,r=0,...,q, and
n p-l
(5.10) )@ < C@ )+ 030 3 k| o] |,
j=1m=0 7

for p =0,...,q. Furthermore, for any q > 0 and any n > 0, there is a
constant C = C(q) > 0, such that for all v piecewise C"™' on [a,b] with
discontinuities at a < 1 < ... < x, < b,
[o]
T

n I
(5.11) [[(rlfho)® — @ | < k1P| 4 0303 kmp

j=1m=0

J
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forp=0,....,r+1,r=0,...,q, and

n p—1
(512) o) @) < Cl@|+C >3 K

j=1m=0

[+,

J
forp=0,....q.

Note that the corresponding estimates hold for the dual versions of the

two interpolants, 71'51(];* and qu(];“ the only difference being that r» < ¢—1 for
2l
cG**
Finally, we note the following properties of the two interpolants, which is
of importance for the a priori error analysis.

Lemma 5.2. For any v € C([a,b]) and any ¢ > 1, we have

(5.13) /b(%(v — o) wdz =0 Yw e PI([a,b]).

Proof. For any w € P%"([a,b]), we integrate by parts to get
b b
d b
/ (@(v - WLqC];v)) wdzr = [(v - quév)w]a - / (v— 7r£qév) w'dz =0,
a a
by the definition of W(E(Z(];'. [m]

Lemma 5.3. For any v € C([a,b]) and any q > 0, we have

(5.14) [v(a)77rgq(];v(a)]w(a)+/b(i(vfﬂgqév))'w dz =0 Yw e Pi([a,b]).

dx
Proof. Integrate by parts as in the proof of Lemma 5.2 and use the definition
of Tr([f(]) O
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ESTIMATES OF DERIVATIVES AND JUMPS
ACROSS ELEMENT BOUNDARIES FOR
MULTI-ADAPTIVE GALERKIN SOLUTIONS OF ODES

ANDERS LOGG

ABSTRACT. As an important step in the a priori error analysis of the
multi-adaptive Galerkin methods mcG(gq) and mdG(q), we prove esti-
mates of derivatives and jumps across element boundaries for the multi-
adaptive discrete solutions. The proof is by induction and is based on a
new representation formula for the solutions.

1. INTRODUCTION

In [3], we proved special interpolation estimates as a preparation for the
derivation of a priori error estimates for the multi-adaptive Galerkin meth-
ods mcG(q) and mdG(g), presented earlier in [1, 2]. As further preparation,
we here derive estimates for derivatives, and jumps in function value and
derivatives for the multi-adaptive solutions.

We first derive estimates for the general non-linear problem,

u(t) = f(u(t)vt)v te (OvTL
u(0) = uo,

(L1)

where u : [0,7] — RV is the solution to be computed, up € RY a given
initial condition, T' > 0 a given final time, and f : RN x (0,7] — RY a given
function that is Lipschitz-continuous in « and bounded. We also derive
estimates for the linear problem,

a(t) + A(t)u(t) =0, te (0,7,
u(0) = uo,
with A(t) a bounded N x N-matrix.
Furthermore, we prove the corresponding estimates for the discrete dual

solution @, corresponding to (1.1) or (1.2). For the non-linear problem
(1.1), the discrete dual solution @ is defined as a Galerkin solution of the

(1.2)
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Key words and phrases. Multi-adaptivity, individual time steps, local time steps, ODE,
continuous Galerkin, discontinuous Galerkin, megq, mdgq, a priori error estimates, linear,
parabolic.
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continuous linearized dual problem
—o(t) = T (mu, U, t)o(t) + g(t), te[0,T),
o(T) =,

with given data g : [0,7) — RN and ¢ € RV, where

(1.3)

1 T
(1.4) T (mu, U, t) = (/0 %(sn’u(t} + (1 —=s)U(t),t) ds)

is the transpose of the Jacobian of the right-hand side f, evaluated at an
appropriate mean value of the approximate Galerkin solution U of (1.1) and
an interpolant wu of the exact solution u. We will use the notation

(15) [1(9,) =T (7w, U, )6 + g,

to write the dual problem (1.3) in the form

—o(t) = fH(@(t),1), te[0,T),

o(T) = .

We remind the reader that the discrete dual solution ® is a Galerkin ap-
proximation, given by the mcG(g)* or mdG(¢)* method defined in [4], of
the exact solution ¢ of (1.3), and refer to [4] for the exact definition.

For the linear problem (1.2), the discrete dual solution ® is defined as a
Galerkin solution of the continuous dual problem

—(t) + AT(d(t) =g, t€0,T),
o(T) =,
or —d(t) = f*(¢(t),t), with the notation f*(¢,-) = —AT ¢ + g.

(1.6)

(1.7)

1.1. Notation. For a detailed description of the multi-adaptive Galerkin
methods, we refer the reader to [1, 2, 6, 4, 5]. In particular, we refer to [1]
or [4] for the exact definition of the methods.

The following notation is used throughout this paper: Each component
Ui(t),i=1,...,N, of the approximate m(c/d)G(g) solution U(t) of (1.1) is
a piecewise polynomial on a partition of (0,77 into M; subintervals. Subin-
terval j for component i is denoted by I;; = (ti,j_l,tij], and the length of
the subinterval is given by the local time step k;; = t;; —t; ;1. This is
illustrated in Figure 1. On each subinterval I;;, Uil 1; 1s a polynomial of
degree g;; and we refer to (I, Ui‘]ij) as an element.

Furthermore, we shall assume that the interval (0,7 is partitioned into
blocks between certain synchronized time levels 0 =Ty < T} < ... < Ty =
T. We refer to the set of intervals 7,, between two synchronized time levels
T,—1 and T}, as a time slab:

Tp = {Lij : Tho1 < tijo1 <ty <Tp}.

We denote the length of a time slab by K, = T, — T},—1. For a given local
interval I;;, we denote the time slab 7', for which I;; € T, by 7 (i, j).
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Since different components use different time steps, a local interval I;; may
contain nodal points for other components, that is, some tyj € (t;j_1,t;)-
We denote the set of such internal nodes on each local interval I;; by Nj;.

Ii'

AR e

Dok
0 IR R T
Plig-1ti

Tnfl Kn Tn

FIGURE 1. Individual partitions of the interval (0, T for dif-
ferent components. Elements between common synchronized
time levels are organized in time slabs. In this example, we
have N =6 and M = 4.

1.2. Outline of the paper. In Section 2, we show that the multi-adaptive
Galerkin solutions (including discrete dual solutions) can be expressed as
certain interpolants. It is known before [1] that the mcG(g) solution of (1.1)
satisfies the relation

tij

with a similar relation for the mdG(q) solution, but this does not hold with
t;; replaced by an arbitrary t € [0,T]. However, we prove that

(19) 00 = [uo+ [ 100,51 85] 0,

for all t € [0,T7], with TFLLIC]; a special interpolant. This new way of express-
ing the multi-adaptive Galerkin solutions is a powerful tool and it is used
extensively throughout the remainder of the paper.

In Section 3, we prove a chain rule for higher-order derivatives, which we
use in Section 4, together with the representations of Section 2, to prove the
desired estimates for the non-linear problem (1.1) by induction. Finally, in
Section 5, we prove the corresponding estimates for linear problems.

2. A REPRESENTATION FORMULA FOR THE SOLUTIONS

The proof of estimates for derivatives and jumps of the multi-adaptive
Galerkin solutions is based on expressing the solutions as certain inter-
polants. These representations are obtained as follows. Let U be the mcG(q)
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or mdG(q) solution of (1.1) and define for i =1,..., N,

- t
(2.1) Ui(t) = u;(0) + /0 fi(U(s),s)ds.

Similarly, for ® the mcG(g)* or mdG(g)* solution of (1.6), we define for
i=1,...,N,

~ T
(2.2) Bi(t) = i + / F2(@(5), 5) ds.

We note that U = f(U,-) and —® = f*(®, ).

It now turns out that U can be expressed as an interpolant of U. Similarly,
& can be expressed as an interpolant of ®. We derive these representations in
Theorem 2.1 below for the mcG(gq) and mcG(gq)* methods, and in Theorem

2.2 for the mdG(q) and mdG(g)* methods. We remind the reader about the

special interpolants 7r£%];, TrE%];*, wgqé, and w([i%ﬂ defined in [3].

Theorem 2.1. The mcG(q) solution U of (1.1) can expressed in the form

(2.3) U =747

Similarly, the mcG(q)* solution ® of (1.6) can be expressed in the form
_ ld &

(2.4) ® =%,

that is, U; = TI'{[,%;]]Ui and ®; = TrEgﬂ]'i'i on each local interval I;;.

Proof. To prove (2.3), we note that if U is the mcG(g) solution of (1.1), then
on each local interval I;;, we have

/ Ui, dt = / iU, Yo dt, m=0,...,q;—1,
1ij Lij

with vy, (t) = ((t —tij—1)/kij)™. On the other hand, by the definition of U,
we have

/ Uivmdt:/ filU, Jomdt, m=0,...,q;— 1.
Iij I;
Integrating by parts and subtracting, we obtain

_ [(Uq; - Ui)vm} Mg /1 (Ui - U) by dt = 0,

tij—1 i

and thus, since Ui(ti,yjfl) — U,j(quyjfl) = Ul(t”) - Ul(t”) = 07

/1 (Ui - U) by dt = 0.

J1,
By the definition of the mcG(g)-interpolant 7r£3]}, it now follows that U; =

WL%J]UZ‘ on ]”
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To prove (2.4), we note that with ® the mcG(g)* solution of (1.6), we
have

N M . T
(2.5) 7(1/),1;(T))+;;/I“ fbividt:/o (F(®, ), 0) dt,

for all continuous test functions v of order ¢ = {¢;;} vanishing at t = 0. On
the other hand, by the definition of ®, it follows that

7/ &)ividt:/ FE(@, g dt.
I; 1ij

Integrating by parts, we obtain

.k -
- {q)iv'i} ' +/ ‘I’i’fh‘dt:/ Ji (@, v dt,
tij—1 I;j I;j

J

and thus
N Mo, T
(2.6) =@, (1)) + Qivdt = | (f*(2,),v)dt,

since v(0) = 0 and both ® and v are continuous. Subtracting (2.5) and
(2.6), it now follows that

N M;

ZZ/ (®i — @;)i; dt =0,
Lij

i=1 j=1

for all test functions v. We now take ©; = 0 except on I;;, and ¥, = 0 for
n # i, to obtain

/I (®; — ®)wdt =0 Yw € PU~Y(T),
j

and so ®; = Plai—1¢; = 7r£(g’*]<i>i on I;j. O
Theorem 2.2. The mdG(q) solution U of (1.1) can expressed in the form
(2.7) U=

Similarly, the mdG(q)* solution ® of (1.6) can be expressed in the form
(2.8) o= ”Lq]c*i)v

that is, U; = Trgléf]ﬁi and ®; = Tr([iqé]j ®; on each local interval I;;.

Proof. To prove (2.7), we note that if U is the mdG(q) solution of (1.1),
then on each local interval I;;, we have

/ Uﬂ)m dt = / f’i(Ua ‘)Um dt, m=1,... s Qijs
L;j Iij

6 ANDERS LOGG

with vy, () = ((t — tij—1)/ki;)™. On the other hand, by the definition of U,
we have

/ [L]ivm dt = fiU, Yomdt, m=1,...,q;.
I

ij Iij

Integrating by parts and subtracting, we obtain
/] (Ul — UZ) Q'JW dt — (Uz(fl;) — U(flj)> = 07

]
and thus, since U;(t;;) = Ui(tis),

/ (Ui — 0L> U dt = 0.
L

By the definition of the mdG(g)-interpolant quc];, it now follows that U; =
71.([1’1(1;7]01 on L]

The representation (2.8) of the dual solution follows directly, since the

mdG(q)* method is identical to the mdG(g) method with time reversed. O

Remark 2.1. The representations of the multi-adaptive Galerkin solutions
as certain interpolants are presented here for the general non-linear problem
(1.1), but apply also to the linear problem (1.2).

3. A CHAIN RULE FOR HIGHER-ORDER DERIVATIVES

To estimate higher-order derivatives, we face the problem of taking higher-
order derivatives of f(U(t),t) with respect to ¢. In this section, we derive
a generalized version of the chain rule for higher-order derivatives. We also
prove a basic estimate for the jump in a composite function.

Lemma 3.1. (Chain rule) Let v : RY — R be p > 0 times differentiable in
all its variables, and let x : R — RN be p times differentiable, so that

(3.1) vor:R—R

is p times differentiable. Furthermore, let D™v denote the nth order tensor
defined by

N N
. 1 n 9" 1 n
Dvw" - w" = E E —w;, W,
Ar 1 in
. = Oy -+ Oy,

i1=1 in=1
forwt,...,w™ € RN. Then,
dp(,U o ‘/1“) 2 n n .
(3.2) —q - Z D"v(x) Z Coma, ™) -
n=1 NseensNn

where for each n the sum Y

is taken over ny + ...+ n, = p with

N1,
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Proof. Repeated use of the chain rule and Leibniz rule gives

dP (1 T dP*l dP*Q
(;; 2 _ WDU(JJ)xm) = [Dzv(m)xmz“) + Dv(w):cm}
a3

= oars [DSU(Z)I(U,T(I)])(U + D%v(z)zP M .+ Dv(z)x@)}

14
= Z D"u(x) Z Cpmy. ™) (),
n=1 MY yeeny Ny
where for each n the sum is taken over ny + ...+ n, =p withn; > 1. O

To estimate the jump in function value and derivatives for the composite
function v o z, we will need the following lemma.

Lemma 3.2. With [A] = AT — A=, (A) = (AT + A7)/2 and |A] =
max(|AT|,|A7|), we have

(3.3) [AB] = [A|(B) + (4)[B],
and

Proof. The proof of (3.3) is straightforward:

[Al(B) + (A)[B] = (A" —A7)(B*+B7)/2+ (AT + A7)(BT - B7)/2
ATBT — A"B™ = [AB].

It now follows that

A1z Al = [[A1(Az- An) | = [[A](Az - A ) + (A1) [ Az Ay |
[Ax]] - [Ag| -+ [Ap| + |Ag| - |[Az -+ Ay]|

n
D A Tz Al
i=1

A

IN

O

Using Lemma 3.1 and 3.2, we now prove basic estimates of derivatives and
jumps for the composite function v o z. We will use the following notation:
For n > 0, let |[D™v]| (r,..) be defined by

(3.5) D" 0w w™ | L@y < 1Dl Loy ®too) 10" e - - 0" [l

for all w',...,w"” € RV, with D"l L i) = NVllLoe(®) for n =0, and
define

(3.6) Iollpr@ = max D" L@ iw)-
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Lemma 3.3. Let v : RN — R be p > 0 times differentiable in all its
variables, let  : R — RY be p times differentiable, and let C, > 0 be a

constant, such that Hx(")HLw(R,lw) <%, forn=1,...,p. Then, there is a
constant C = C(p) > 0, such that
dP(voux)
(3.7) —_— < Clllprw)Cr-
ar ||, e ®

Proof. We first note that for p = 0, (3.7) follows directly by the definition
of |[v]|pr(r)- For p > 0, we obtain by Lemma 3.1,

dP(v o x)
=52

P
< CZ Z ‘D"v(x)w("l)---x(”") < C|v prw)CE-

n=1ni,...,n

O

Lemma 3.4. Let v : RY — R be p+1 > 1 times differentiable in all its
variables, let © : R — RY be p times differentiable, except possibly at some
t € R, and let C; > 0 be a constant, such that ‘|$(n)“LOC(R,lx) < C" for
n=1,...,p. Then, there is a constant C = C(p) > 0, such that

dp(voz) L p—n (n)
(35) TOD] | < Cllolprsrey 3 " Nl
t n=0

Proof. We first note that for p = 0, we have
[MH —l[wo )| = [oe(t")) - viat )]

dtp
S IDV]| Lo Roto0) Nt 100 5

and so (3.8) holds for p = 0. For p > 0, we obtain by Lemma 3.1 and Lemma
3.2,

[“52] [z £ [l )

n=1ny,..., Nn

14
<CY . Y ID" ol @ 2l C2+

n=1ni,...,nn

+ 1D 0l 1) (N ™ el O™ o 2 el CF )

P
< Clloll ey Y C2 " ™) -

n=0

4. ESTIMATES OF DERIVATIVES AND JUMPS FOR THE NON-LINEAR
PROBLEM

‘We now derive estimates of derivatives and jumps for the multi-adaptive
solutions of the general non-linear problem (1.1). To obtain the estimates
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for the multi-adaptive solutions U and ®, we first derive estimates for the
functions U and ® defined in Section 2. These estimates are then used to
derive estimates for U and ®.

4.1. Assumptions. We make the following basic assumptions: Given a
time slab 7', assume that for each pair of local intervals I;; and I,,, within
the time slab, we have

(Al) Qij = qmn = G,
and
(AQ) kLJ > o kmna

for some ¢ > 0 and some « € (0,1). We also assume that the problem (1.1)
is autonomous,

ofi

(A3) N

=0, i=1,...,N.

Note that dual problem is in general non-autonomous. Furthermore, assume
that

(A4) Hfi”Dﬂl(T) <oo, t=1,...,N,
and take || fll7 > maxi=1,...v || fil pa+1(7), such that
(4.5) | /dt? (@ f jou) " (2(t))lie < If7C,

forp=0,...,q, and

)4
(4.6) @” /dP(@f /0w)T (@)l < Ifll7 Y C2 2™

n=0

for p=0,...,§ — 1, with the notation of Lemma 3.3 and Lemma 3.4. Note
that assumption (A4) implies that each f; is bounded by || f||7. We further
assume that there is a constant ¢, > 0, such that

(A5) kigllfllr < ex,

for each local interval I;;. We summarize the list of assumptions as follows:

(A1) the local orders g;; are equal within each time slab;

) the local time steps k;; are semi-uniform within each time slab;
) f is autonomous;

) f and its derivatives are bounded;
) the local time steps k;; are small.
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4.2. Estimates for U. To simplify the estimates, we introduce the follow-
ing notation: For given p > 0, let Cy, > || f|l7 be a constant, such that

(4.8) Uiy < Clpy n=1,....p.

For p = 0, we define Cyo = || f||7. Temporarily, we will assume that there
is a constant ¢}, > 0, such that for each p,

(A5) kijCup < ¢

This assumption will be removed below in Theorem 4.1. In the following

lemma, we use assumptions (A1), (A3), and (A4) to derive estimates for U
in terms of Cy and || f||7.

Lemma 4.1. (Derivative and jump estimates for U) Let U be the mcG(q)
or mdG(q) solution of (1.1) and define U as in (2.1). If assumptions (Al),
(A3), and (A4) hold, then there is a constant C' = C(q) > 0, such that

(4.10) 10PN gy <CCHL_10 P=1,.,G+ 1,

and
p—1

@11) P, e <CYCE MUy s p=1,000,0+1,
n=0

for each local interval I;;, where t; j_1 is an internal node of the time slab

7.

Proof. By definition, ﬁi(p ) = j:p:ll 7(U), and so the results follow directly
by Lemma 3.3 and Lemma 3.4, noting that || f||7 < Cyp—1- O

By Lemma 4.1, we now obtain the following estimate for the size of the
jump in function value and derivatives for U.

Lemma 4.2. (Jump estimates for U) Let U be the mcG(q) or mdG(q)

solution of (1.1). If assumptions (A1)~(A5) and (A5’) hold, then there is a

constant C = C(q, cy, ¢, ) > 0, such that

(412) [UP), N < CEGFPCHY p=0, 041, 1=0,...,q,

for each local interval I;j, where t; j_1 is an internal node of the time slab

7.

Proof. The proof is by induction. We first note that at ¢t = ¢; ;_1, we have
U = (U -00eH) + (00 ) - 00 e) + (00 ) - v @)

= ey +tete-.

By Theorem 2.1 (or Theorem 2.2), U is an interpolant of U and so, by
Theorem 5.2 in [3], we have

”
Loo (1i5) +C Z Z kzlip‘[Ufm)]IL

zeN;; m=1

les| < Ck;]grlfpl‘[}i(7-+1)|
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forp=0,...,r+1and r = 0,...,4. Note that the second sum starts at
m = 1 rather than at m = 0, since U is continuous. Similarly, we have

1 7
le—| < CRLPI0T e,y +C S0 Z O ™.
zeN; j—1 m=1

To estimate eg, we note that eg = 0 for p = 0, since U is continuous. For
p=1,...,4+1, Lemma 4.1 gives

p—1
leol = 1071l < €37 Cl ™ U™l -
n=0

Using assumption (A2), and the estimates for ey, eg, and e_, we obtain for
r=0and p=0,

U] < Chis|Till w1,y + 0 + Chi jallTill oo (1,
S C(l + ail)kijCUro = CkijCU,0~
It now follows by assumption (A5), that for r =0 and p =1,
ITilel < CNUillp 1) + COUNUNeNiee + CNTill e 15-1)
< C(1+ kiiCup)Cuyp < CCyyp.

Thus, (4.12) holds for » = 0. Assume now that (4.12) holds for r = 7—1 > 0.
Then, by Lemma 4.1 and assumption (A5'), it follows that

‘€+‘ SCIJH pCT+1+C Z ka pZCm rL1|| Un le
zeN;; m=1

< Ck;grl—pcg;l JFCZ’%T? pclv}zmnlkO 1)+1- "C(T 1)+1
P l—p 7 _1- -
< Ck;f pC{;;l (l + Z(kijCU,F—l)m ! n) < Ck:f pC{;;,l.
Similarly, we obtain the estimate |e_| < Ck;ﬂ*p ol
Lemma 4.1 and assumption (A5’), to obtain the estimate

Finally, we use

p—1
n r, n 1)+1— 1)+1
CZ% 0l < chp RO

IN

leol

p—1
T+1=p ~rt1 —1— +1—p it
Ckij C(T/f Z(kijCUi)p "< Ckij Cl’],? :

Summing up, we thus obtain |[Ul-(p)]t| < le| + |eo] + le=] < ij].“*PCtﬁl,
and so (4.12) follows by induction. O

By Lemma 4.1 and Lemma 4.2, we now obtain the following estimate for
derivatives of the solution U.
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Theorem 4.1. (Derivative estimates for U) Let U be the mcG(q) or mdG(q)
solution of (1.1). If assumptions (A1)—(A5) hold, then there is a constant
C =C(q, ¢k, ) > 0, such that

(4.13) 10PN o(zie) < CIAN, P=1,--. 0

Proof. By Theorem 2.1 (or Theorem 2.2), U is an interpolant of U and so,
by Theorem 5.2 in [3], we have

10PN g i) = 1) P 1 11)
p—1

< Cl”Ui(p)HLm(LJ) +C Z Z k;;»—p“[ji(m) N
zeN;; m=1

for some constant C’ = C’(g). For p = 1, we thus obtain the estimate

Uil ooty < CMUill Loty = C N Loy < Cllf Nl

by assumption (A4), and so (4.13) holds for p = 1.
For p = 2,...,q, assuming that (A5’) holds for Cyp_1, we use Lemma
4.1, Lemma 4.2 (with » = p — 1), and assumption (A2), to obtain

p—1 m—1
O ) < CCh, +C S ST RIS Cpm [0,
zeN;; m=1 n=0

<CCUp 1+Czkm pcly}lmn 1kp 1)+1— nC(p 1;4—1
<cay, (1 + Z(kijcyﬁm_l)m*”) <cay,

where C = C(q, ¢k, ¢}, ).  This holds for all components i and all local
intervals I;; within the time slab 7', and so

I g i) € CCh Yty P=1,00040

where by definition Cy,_ is a constant, such that || Zow(Tio) < Clpr
forn=1,...,p— 1. Starting at p = 1, we now define Cy; = C4||f||7 with
Cy = C' = C'(q). Tt then follows that (A5’) holds for Cy; with ¢, = C’cy,
and thus

U740y < CClyy = CCEy = Cal fIIF,
where Co = C2(, ¢k, ). We may thus define Cy o = max(Ci||f||l7, VCa| fll7)-
Continuing, we note that (A5’) holds for Cy 2, and thus

[T 1oz 1) < CC31 = CCp = Callf I,
where C5 = C3(q, ¢k, ). In this way, we obtain a sequence of constants
Cy,...,Cq, depending only on ¢, ¢, and «, such that HU(p)HLOC(T,lw) <

Cpll fII5 for p=1,...,q, and so (4.13) follows if we take C' = max;—1,. 5 C;.
O
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Having now removed the additional assumption (A5’), we obtain the fol-
lowing version of Lemma 4.2.

Theorem 4.2. (Jump estimates for U) Let U be the mcG(q) or mdG(q)
solution of (1.1). If assumptions (Al)—(A5) hold, then there is a constant
C = C(q,ck, ) >0, such that

(4.14) I ®), <SCEEPIAIFT, p=0..04,

1‘,3—1“10@

for each local interval Ijj, where t; j_1 is an internal node of the time slab

T.

4.3. Estimates for ®. To obtain estimates corresponding to those of The-
orem 4.1 and Theorem 4.2 for the discrete dual solution ®, we need to
consider the fact that f* = f*(¢,-) = J' ¢ is linear and non-autonomous.
To simplify the estimates, we introduce the following notation: For given
p >0, let Cop > || fll7 be a constant, such that

(4.15) 1017y < Coll®@lL 7y 1 =0,....p.
Temporarily, we will assume that for each p there is a constant ¢}, > 0, such
that

(A5") kijCop < cf.

This assumption will be removed below in Theorem 4.3. Now, to obtain

estimates for ®, we first need to derive estimates of derivatives and jumps
for J.

Lemma 4.3. Let U be the mcG(q) or mdG(q) solution of (1.1), and let mu
be an interpolant, of order q, of the exact solution u of (1.1). If assumptions
(A1)—(AD) hold, then there is a constant C = C(q, cg, ) > 0, such that

drJ T (ru, U _
@ 2D <Ol p=0....a
Loo(T \loo)
and
P J T (mu, U 1 .
(a1s) || [ZLAmwl) SORPPIFIER, p=0,... g1,
dtp | J

for each local interval I;;, where t; j_1 is an internal node of the time slab
7.

Proof. Since f is autonomous by assumption (A3), we have

1 1
J(rult), U (1)) = /O %(smL(t)-&-(l—s)U(t))ds: /O %(xs(t))ds,

with z(t) = smu(t)+(1—s)U(t). Noting that |[u™ (t)[,. < C||f||% by (1.1),
it follows by Theorem 4.1 and an interpolation estimate, that Hxﬁ")(t)H I <
C||f|l5, and so (4.17) follows by assumption (A4).
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At t =t; j_1, we obtain, by Theorem 4.2 and an interpolation estimate,

501 < s [[rua) Tl + (1= 8) [[UST] < ([(ru) Ll + [[0F)
< (run) ™ (@) = uf (@) + [l (1) — (run) ™ ()] + CRETT | fE
< ORI ey + ORI 10l s, + RG5!

,J—1
<RI,

where we have also used assumption (A2). With similar estimates for other
components which are discontinuous at ¢t = t; ;_1, the estimate (4.18) now
follows by assumptions (A4) and (A5).

Using these estimates for .J T, we now derive estimates for ®, correspond-
ing to the estimates for U in Lemma 4.1.

Lemma 4.4. (Derivative and jump estimates for ®) Let ® be the meG(q)* or

mdG(q)* solution of (1.3) with g =0, and define ® as in (2.2). If assump-

tions (A1)—(Ab) and (A5") hold, then there is a constant C' = C(q, ¢k, cf, o) >
0, such that

(4.19) 121y () € CCh i1 ®@ll (T i)y P=1,05G+1,
and
(4.20)

p—1

N@PNe,s e < CEE AT IR N iz ) + € D AN N2 ey N
n=0

p=1,...,q, for each local interval I;;, where t;; is an internal node of the
time slab T .

Proof. By definition, é = —f*®,") = —J(7u,U) T ®. Tt follows that

_ dp—l p-1 —1 dp—lfn
- g7 p T\ o)
e R Z%( n ) (dtpflfn‘] )Q ’

and so, by Lemma 4.3,
p—1

18P W)l < CY AT Cprll®l Lo (7e) < CCh oy 1Pl 7100
n=0
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for 0 <p—1<4gq. To estimate the jump at ¢ = ¢;;, we use Lemma 3.2,
Lemma 4.3, and assumption (A5"), to obtain

i@ 17) Jellin {( a—tn ) <I>("):|
dtp—1-n Al
<c Z (KGN C8 s @l e + 11 2T )
n=0
p—1
< CREPPISIE 3 k5O posl@le i) + C D 1INl
n=0 n=0
p—1
< ORI 9N ey + C S A IR el
n=0
for0<p-1<g-1 d

Our next task is to estimate the jump in the discrete dual solution ®
itself, corresponding to Lemma 4.2.

Lemma 4.5. (Jump estimates for ®) Let ® be the mcG(q)* or mdG(q)*
solution of (1.3) with g = 0. If assumptions (Al)—(A5) and (A5") hold,
then there is a constant C' = C(q, ¢k, cf, &) > 0, such that

@21) 18Pl < ORGTPOG RN (7). P =00 +1,

withr =0,...,3—1 for the mcG(q) method andr =0,...,q for the mdG(q)
method, for each local interval I;;, where t;; is an internal node of the time
slab T.

Proof. The proof is by induction. We first note that at ¢t = ¢;;, we have

@) = (oW =P (")) + (87 (") - 8P ) + (8P (1) - P (7))

= er+ete_.

By Theorem 2.1 (or Theorem 2.2), ® is an interpolant of ®; if @ is the

mcG(g)* solution, then ®; is the 7T£qé£]—interpolant of ®; on Lj, and if ® is

the mdG(g)* solution, then ®; is the ﬂgqgl—interpolant of &;. It follows that

le—| < CK IS Ly +C S ka 1@, p=0,..., 1,

TEM] m=1

where r = 0,...,7 — 1 for the mcG(q)* solution and r = 0,...,q for the
mdG(g)*solution. Similarly, we have

Lt +C Y Zk”+1|[‘1’(m lel,

zeN; j41 m=1

r+1 1
les| < CKL TS|

16 ANDERS LOGG

for p=0,...,r + 1. To estimate ey, we note that ey = 0 for p = 0, since ®

is continuous. For p =1,...,q, Lemma 4.4 gives

(4.22)
p—1

2— 2 ([P~
leol = I[P )il < CKL P FIF Ol L7 0y + C 3 IFIE @ e -

n=0

Using assumption (A2), and the estimates for e, g, and e_, we obtain for
r=0and p=0,

|[@ile] < Ckijal|Dill Lo r,y40) + 0 + ChiglPill Lo 1)
<Clat+1) = CkijCa 0[P e (7 100) -

ij

For r = 0 and p = 1, it follows by (4.22), noting that kg;r271|\f\@+2 <
C|fllr = CCsyp, and assumption (A2), that |eg| < CCp oL (7,100) +
CllfllrN®lellie < CCo0lP| Loy (7 ,100)» and SO,

[[@s]:] < CH‘i’z‘lle(I,,N) D, Loo(I)

< CCo || P Lo (7 ,100)-

Thus, (4.21) holds for » = 0. Assume now that (4.21) holds for r = 7—1 > 0.
Then, by Lemma 4.4 and assumption (A5), it follows that

le-| < Ckf;rlipcgﬁjH(pHLm(T,lx)

T m—1
Lo Y S (kf,“”"'anWn@nL @+ 2 Il >

zeN;; m=1

< ORGP OBl gy + € (K IAIF 12t
+Z|UHM nkm pA(F—1)+1— nC(r UH‘@HLMT@))
< R PO @] iy + C D (K7 IS15

YR O ) 19 iy
< Ckirfl pCé?H‘I’HLw(T,zx)-

Similarly, we obtain the estimate

o
lex| < Ch PO L (7100
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Again using the assumption that (4.21) holds for r = 7 — 1, we obtain

q+2— 2
leol < CEL*PIFIT 2N oo 7 1)

-
+ OIS R
n=0

p—1
< O PO @ i) (1 + 3Gkl £ )7 )
n=0

< CRTPOR |19l (i) < CRLTTPCEEMN® Lo (70 -

We thus have [[@7];] < [e+| + [eo| + |e—| < Ok PCEEY|®], (7., and
so (4.21) follows by induction. O

Next, we prove an estimate for the derivatives of the discrete dual solution
®, corresponding to Theorem 4.1.

Theorem 4.3. (Derivative estimates for ®) Let @ be the mcG(q)* or mdG(q)*

solution of (1.3) with g = 0. If assumptions (A1)—(A5) hold, then there is
a constant C' = C(q, ¢k, ) > 0, such that

(4.23) 18P 1. (7.00) < CIAIEN®l L (700, P=0,---, 4.

Proof. By Theorem 2.1 (or Theorem 2.2), ® is an interpolant of ®, and so,
by Theorem 5.2 in [3], we have

1P 1,y = 178D P |11y

p—1
<Py +C Y DK@ L,

.’L‘e-,\/zj m=1

for some constant C’ = C’(q) > 0. For p = 1, we thus obtain the estimate

193l (1) < Cll®illnciryy = CNFF @) neiay)
= C/HJT‘I’HLDQ(IU) SCNATI®N s (7100

by assumption (A4), and so (4.23) holds for p = 1.
For p = 2,...,q, assuming that (A5”) holds for Cy;,_1, we use Lemma
4.4, Lemma 4.5 (with » = p — 1) and assumption (A2), to obtain

P11, < CCh 1Pz

oo )

p—1 - - m—1

+C Y, DK (kff*man?f"u@\uw.zx) + HfH’T”’”\I[@(“)]szx>
2EN;; m=1 n=0

<CCE Ol +C Y RGP T O N @ L7

<CCh , Pl in) +CCh Lz iy D (Ris )™

<0Ch, @]z,
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where we have used the fact that
kL TPRLET AN = 1 Gl f ) TP < oC

and where C'= C(q, ¢, ¢, a).  Continuing now in the same way as in the
proof of Theorem 4.1, we obtain

18P, 710y < CIFIEN®P LTy P=1,-0-.0,
for C = C(q, ¢, @), which (trivially) holds also when p = 0. O

Having now removed the additional assumption (A5”), we obtain the
following version of Lemma 4.5.

Theorem 4.4. (Jump estimates for ®) Let ® be the mcG(q)* or mdG(q)*
solution of (1.3) with g = 0. If assumptions (A1)—(A5) hold, then there is
a constant C = C(q,cx,«) > 0, such that

(424) @k e < CRGPIITI® iy P =0,0a = 1,
for the mcG(q)* solution, and
(4.25) 1@ el < CEG PIATF @ (7 t)s P =050

for the mdG(q)* solution. This holds for each local interval I;;, where t;; is
an internal node of the time slab T .

4.4. A special interpolation estimate. In the derivation of a priori error
estimates, we face the problem of estimating the interpolation error mp; —¢;
on a local interval I;;, where ¢; is defined by

N
(4.26) i = (J T (mu, u)®); = Z Jii(mu,u)®;, i=1,...,N.

=1
We note that ¢; may be discontinuous within I;;, if other components have
nodes within I;;, see Figure 2, since then some ®; (or some Jj;) may be
discontinuous within I;;. To estimate the interpolation error, we thus need
to estimate derivatives and jumps of ¢;, which requires estimates for both
Ji; and ®;.

In Lemma 4.3 we have already proved an estimate for J' when f is

linearized around 7u and U, rather than around mu and u as in (4.26).
Replacing U by u, we obtain the following estimate for J .

Lemma 4.6. Let wu be an interpolant, of order q, of the exact solution
uw of (1.1). If assumptions (A1)—(Ab) hold, then there is a constant C =
C(q, ek, ) > 0, such that

arJT TU, U _
CEOJ LAl <O, p=0...a
Loo(T\lso)
and
arJT U, U Gl g B
||| <o IR p=0ng -,
i =110
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| |
[ [

bij—1 L tij

FIGURE 2. If some other component [ # i has a node within
I;;, then ®; may be discontinuous within I;;, causing ¢; to
be discontinuous within ;.

for each local interval I;;, where t; j_1 is an internal node of the time slab
7.

Proof. See proof of Lemma 4.3. O

From Lemma 4.6 and the estimates for ® derived in the previous section,
we now obtain the following estimates for .

Lemma 4.7. (Estimates for ¢) Let ¢ be defined as in (4.26). If assumptions
(A1)—(Ab) hold, then there is a constant C = C(, cg, o) > 0, such that

(4.20) 16 1) < CIAE IR ez ays 2= 0seeeydis

and
(4.30)
Tij— Tii+1
i lel < Ok 1A 1@l Ly Y2 € Nige p=0.0i5 = 1,

with ri; = qi; for the mcG(q) method and rij = q;; + 1 for the mdG(q)
method. This holds for each local interval I;; within the time slab T .

20 ANDERS LOGG
n T
Proof. Differentiating, we have %(p) =>r )dp(i‘f]pi(:fum@ ) and so, by

Theorem 4.3 and Lemma 4.6, we obtain

AL 1A 12 o o)

Xi:\\
i\\

16PN 1o (i) < C

1 . 1
FNEH@N e (7 ) = CUF I RN L (700

To estimate the jump in (,o(p >, we use Lemma 3.2, Theorem 4.3, Theorem
4.4, and Lemma 4.6, to obtain
A
]

p P —n 7T
) AT TR
n/) dtp=n

n=0

[o®]el =

< CZ (k1= ")Hf\l"“?HfH?
1,4 i
+Hf||(” RIS %) 1] 1 7 1)

14

y gt .

< CEF IAIF N oz ay D i £ + (il £l
n=0

i ij+1
SCEG AT M@l e (7 100

for the meG(q) method. For the mdG(gq) method, we obtain one extra power
of ki fllz- o

Using the interpolation estimates of [3], together with Lemma 4.7, we now
obtain the following important interpolation estimates for (.

Lemma 4.8. (Interpolation estimates for ¢) Let ¢ be defined as in (4.26).

If assumptions (A1)—(A5) hold, then there is a constant C' = C(g, cx, ) > 0,
such that

i —2. ii—1 i _
@31) 7% o — oill ) < CRE T AN RN () i = T 2,

and

i i ij+1 _
(432) I i = @illry) < CRENAIZ @] im0 =72 1,
for each local interval 1;; within the time slab T .

Proof. To prove (4.31), we use Theorem 5.2 in [3], with r = ¢;; —2 and p = 0,

together with Lemma 4.7, to obtain the following bound for ||7r£qéﬁz]% -
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Wi”Lx,(I”v):
(@-2+1) ((g-2)+1) =
Chig ™ e Ve + € 30 D K el |
zeN;; m=0
1 ‘11]’2 +1
< CEFTNAIFN®N Lo 000) + C Z Z ERELT I @ Lo (7 100)
zeN;; m=0

ij—1 ij ij ij+1
= CEE TN NN L (7 100) + CRENNE T 1PN Lo (7 100)

=1 s
< CkE ANl L7 -

The estimate for Tr([lqéffl] ;i — ; is obtained similarly. O

5. ESTIMATES OF DERIVATIVES AND JUMPS FOR LINEAR PROBLEMS

We now derive estimates for derivatives and jumps for the multi-adaptive
solutions of the linear problem (1.2). Assuming that the problem is linear,
but non-autonomous, the estimates are obtained in a slightly different way
compared to the estimates of the previous section.

5.1. Assumptions. We make the following basic assumptions: Given a
time slab 7, assume that for each pair of local intervals I;; and I,,, within
the time slab, we have

(Bl) Qij = Qmn = q,
and
(BQ) ku > o kmn:

for some ¢ > 0 and some « € (0,1). Furthermore, assume that A has §—1
continuous derivatives and let C'4 > 0 be constant, such that

(B3)  max (IIA(”)HLm(T,zmw HAT(”)HLM(TJOC)) <R p=0.....q,

for all time slabs 7. We further assume that there is a constant ¢, > 0, such
that

(B4) k‘,;jCA < cg.

We summarize the list of assumptions as follows:

(B1) the local orders g;; are equal within each time slab;

(B2) the local time steps k;; are semi-uniform within each time slab;
(B3) A and its derivatives are bounded;

(B4) the local time steps k;; are small.
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5.2. Estimates for U and ®. To simplify the estimates, we introduce the
following notation: For given p > 0, let Cyp, > C4 be a constant, such that

(5.5) T b7 100) € OBV T i)y 7= 05111,

For p = 0, we define Cpy o = C4. Temporarily, we will assume that there is
a constant ¢}, > 0, such that for each p,

(B4") kijCup < c%.
This assumption will be removed below in Theorem 5.1. We similarly de-

fine the constant Cg 4, with k;jCypp, < ¢, In the following lemma, we use
assumptions (B1) and (B3) to derive estimates for U and ®.

Lemma 5.1. (Estimates for~U and ®) Let U be the mcG(q) or mdG(q)
solution of (1.2) and define U as in (2.1). If assumptions (B1) and (B3)
hold, then there is a constant C = C(g) > 0, such that

(5‘7) HU(p)HLm(T,loc) < CC{},p—lHU“La@(T,loc)v p=1....,q+1,
and
p—1
(5~8) H[U(p)]f’i.]—l Hlx < CZ Czinl‘[U(n)]ti.]—l Hloo7 p=1,...,q
n=0

Similarly, for © the mcG(q)* or mdG(q)* solution of (1.7) with g =0, and
with ® defined as in (2.2), we obtain

(5.9) 18P 1o () < CCh o il ®@ll ez i)y P=150,0+1,
and
p—1
(5.10) I@PNe, i < €Y CL "M@ ey ey p=1,000
n=0

Proof. By (2.1), it follows that U = —AU, and so

p—1
() _ P=1\ fp-1-n)pm)
U Z( . )A v,

n=0
It now follows by assumptions (B1) and (B3), that

p—1
10PN 17y S CYCHCE oy U (7e) < CCHy Ul 2 (700
n=0
Similarly, we obtain [|[T®)],, . [i.. < CS P CH U], i lli.-  The
corresponding estimates for ® follow similarly. 0

By Lemma 5.1, we now obtain the following estimate for the size of the
jump in function value and derivatives for U and ®.
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Lemma 5.2. (Jump estimates for U and ®) Let U be the mcG(q) or mdG(q)
solution of (1.2), and let ® be the corresponding mcG(q)* or mdG(g)* so-
lution of (1.7) with g = 0. If assumptions (B1)~(B4) and (B4') hold, then
there is a constant C = C(q, cg, ¢}, a) > 0, such that

(511 TPk, < CRGPCHNU (g an)s P =0seeesm + 1,
r=0,...,q, and

(512)  @Pe, lie < CRTTFCH RN L (zanyy P =00 L,
with r = 0,...,4 — 1 for the mcG(q)* solution and v = 0,...,q for the

mdG(q)* solution, for each local interval I;;, where t; j_1 and t;j, respec-
tively, are internal nodes of the time slab T .

Proof. The proof is by induction and follows those of Lemma 4.2 and Lemma
4.5. We first note that at ¢ = ¢; j_1, we have

P = (VP -000) + (0P - 00 w) + (0P ) -vP 1))
= e;+e+e-_.

Now, U is an interpolant of U and so, by Theorem 5.2 in [3], it follows that

el < CHFINTT D gy + € Y SR IIOL,
zeN;; m=1

forp=20,...,r+1and r = 0,...,g. Note that the second sum starts at
m = 1 rather than at m = 0, since U is continuous. Similarly, we have

e < ORI g 0 S SRR

€N j—1 m=1

To estimate eg, we note that eg = 0 for p = 0, since U is continuous. For
p=1,...,q, Lemma 5.1 gives

p—1
leol = TP < € 3 CH [T
n=0

Using assumption (B2), and the estimates for e, eg, and e_, we obtain for
r=0and p=0,
(Uil < ChillUill 1o riy) + 0+ Chii Uil poc 1,
< C(L+a kijCuollUll (7 00) =

ij
It now follows by assumption (B4), that for r =0 and p =1,

[Tl < ClUill Lo 1,y) + CCAl[ON e + ClTill g2, 1)
< C(1+ kiiCuyp) (T o) < CCUONU Lo (T 100)-
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Thus, (5.11) holds for 7 = 0. Assume now that (5.11) holds for r = 7—1 > 0.
Then, by Lemma 5.1 and assumption (B4’), it follows that

m—1

T
L(Tia) ¥ C D D RGTT Y CRTIU o
n=0

zeN;; m=1

|P+‘ <Ckr+1 Pcr+1HU

-
< Ck PO Lo (7 100)
SRSD LA G et iy [ PE
< OO (14 Y ki Con)™ Y 1 i)
< CRGPOTNU L (700
Similarly, we obtain the estimate |e_| < CkH'l pC’HHUHLw(T Io)- Finally,

we use Lemma 5.1 and (B4'), to obtain the cstlmatc

p—1
leol = 1107l < €7 LIVl

p—1

<O Ok T U e
n=0
- p71
< CRTPCTENS (ki Cur )P MU L ()
n=0

Ly
< Ck’:f PCTENU N Lo (710
Summing up, we thus obtain
-
0PN < lex] + leol + le-| < CKS PR (7 400)-

and so (5.11) follows by induction. The estimates for ® follow similarly.
O

Theorem 5.1. (Derivative estimates for U and ®) Let U be the mcG(q)
or mdG(q) solution of (1.2), and let ® be the corresponding mcG(q)* or
mdG(q)* solution of (1.7) with g = 0. If assumptions (B1)~(B4) hold, then
there is a constant C = C(q,cx, o) > 0, such that

(5.13) HU(I))HLOC(T,IOC) <CCUNUNLo(T i)y P=0,...,4,
and
(5.14) 18P (71y < CCHIPN LTy, P=0,....7

Proof. Since U is an interpolant of U, it follows by Theorem 5.2 in [3], that
U5ty = 170D |1,y s bounded by

p—1
TP iy +C S S RO,

zeN;; m=1
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for some constant C’ = C’(g). For p = 1, we thus obtain the estimate
1Tl ooty < CNUill 1) = C'NADill L 1) < C"CAlU | e (710

and so (5.13) holds for p = 1.
For p = 2,...,q, assuming that (B4’) holds for Cyp—1, we use Lemma
5.1, Lemma 5.2 (with 7 = p — 1) and assumption (B2), to obtain

[LEA PP eler A L4 P A

m—1

p—1
+C D DR Y CRTIU e
n=0

zeN;; m=1
< CCY , Ul Lo 10)

+ Czkm pcm "k‘ (p—1)+1— ncl(jpp 1;4»1 HU”Lx(TJx)

S CCh, U oo (T 000) (1 + Z(kijc’q)min)
S CCh, U oo (7 100

where C = C(q, ¢y, ¢}, ). It now follows in the same way as in the proof of
Theorem 4.1, that

10PN 17y < CCRNU LTy P=1,0-00 0

for C' = C(q, ¢k, «), which (trivially) holds also when p = 0. The estimate
for @ follows similarly. O

Having now removed the additional assumption (B4’), we obtain the fol-
lowing version of Lemma 5.2.

Theorem 5.2. (Jump estimates for U and ®) Let U be the mcG(q) or
mdG(q) solution of (1.2), and let ® be the corresponding mcG(q)* or mdG(q)*
solution of (1.7) with g = 0. If assumptions (B1)-(B4) hold, then there is
a constant C' = C(q, cx, ) > 0, such that

(5.15) MU, e < CEEPCT U (7an)y P=0,-0000

Furthermore, we have

(5.16) 1@t llie < KL PCRIBl LT )y P=0,-00,0

tij
for the meG(q)* solution and
(617) 2Pyl < CKEPCRN @l 7y, P =004,

for the mdG(q)* solution. This holds for each local interval I;;, where t; j_1
and t;j, respectively, are internal nodes of the time slab T .
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5.3. A special interpolation estimate. As for the general non-linear
problem, we need to estimate the interpolation error my; — ¢; on a local
interval I;;, where ; is now defined by

N
(518) i = (ATq))iiZA“ﬁDl, 7= 1,...,N.
=1

As noted above, ; may be discontinuous within I;;, if I;; contains nodes
for other components. We first prove the following estimates for ¢.

Lemma 5.3. (Estimates for ¢) Let ¢ be defined as in (5.18). If assumptions
(B1)~(B4) hold, then there is a constant C' = C(q, cx, ) > 0, such that

(5.19) HWEP)HLDQ(IH) <COR MNP pTan) P =0, 5
and
(5.20)

i ij+1
oi)el < O PO @l riny Vo € NG, p=0.iay =1,
with ri; = qij for the mcG(q) method and rij = q;; + 1 for the mdG(q)
method. This holds for each local interval I;; within the time slab T .

Proof. Differentiating ¢;, we have

P
p _ d° To), — p T(P=n) 5 (n)y .
IR Ol () [T

and so, by Theorem 5.1, we obtain

P
—n)+1
1o,y < €S CET M CRIR L 700y = CCRT @ 1 (7000)-
n=0

To estimate the jump in 991(-" ), we use Theorem 5.2, to obtain

P P
[EX R ) U IO B Ee) Die auan LI M
n=0 n=0
g (p—n)+1;q q
<O O TR CAIR i)
n=0
. G+1 P
< CRPCH Y (ki Cal 1@l c(r100)
n=0
G—p G+1
< Ok PO Lo (7 100
for the mcG(g) method. For the mdG(g) method, we obtain one extra power
Of kLLJCA Od

Using Lemma 5.3 and the interpolation estimates from [3], we now obtain
the following interpolation estimates for ¢.
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Lemma 5.4. (Interpolation estimates for ¢) Let ¢ be defined as in (5.18).
If assumptions (B1)—(B4) hold, then there is a constant C = C(g, cx, ) > 0,
such that

=2 =1 i _
(6521) I 0 = Gulliniry) < CH T OV @iy 0 =722,
and

i —1 ij ~ij+1 _
(5.22) ||7f([1qo;7 s — GillLoo(riy) < Ckgj'7cfg‘7 1L (T i) @ij=T>1,
for each local interval I;; within the time slab T .

Proof. See proof of Lemma 4.8. O
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ALGORITHMS FOR MULTI-ADAPTIVE TIME-STEPPING
JOHAN JANSSON AND ANDERS LOGG

ABSTRACT. Multi-adaptive Galerkin methods are extensions of the stan-
dard continuous and discontinuous Galerkin methods for the numerical
solution of initial value problems for ordinary or partial differential equa-
tions. In particular, the multi-adaptive methods allow individual time
steps to be used for different components or in different regions of space.
‘We present algorithms for multi-adaptive time-stepping, including the
recursive construction of time slabs, regulation of the individual time
steps, adaptive fixed point iteration on time slabs, and the automatic
generation of dual problems. An example is given for the solution of a
nonlinear partial differential equation in three dimensions.

1. INTRODUCTION

We have earlier in a sequence of papers [14, 15, 16, 17, 13] introduced the
multi-adaptive Galerkin methods mcG(q) and mdG(q) for the approximate
(numerical) solution of ODEs of the form

u(t) = f(u(t)vt)v te (OvT]v

(1.1) u(0) = ug,

where u : [0,T] — RY is the solution to be computed, ug € RN a given
initial value, T > 0 a given final time, and f : RV x (0,7] — RY a given
function that is Lipschitz-continuous in v and bounded.

In the current paper, we discuss important aspects of the implementation
of multi-adaptive Galerkin methods. Some of these aspects are discussed
in [15] and [13], but with technical details left out. We now provide these
details.

1.1. Implementation. The algorithms presented in this paper are imple-
mented in the multi-adaptive ODE-solver of DOLFIN [11, 12], which is
the C++ implementation of the new open-source software project FENICS
[3] for the automation of Computational Mathematical Modeling (CMM).
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The multi-adaptive solver in DOLFIN is based on the original implementa-
tion Tanganyika, presented in [15], but has been completely rewritten for
DOLFIN.

The multi-adaptive solver is actively developed by the authors, with the
intention of providing the next standard for the solution of initial value
problems. This will be made possible through the combination of an efficient
forward integrator, automatic and reliable error control, and a simple and
intuitive user interface.

1.2. Obtaining the software. DOLFIN is licensed under the GNU Gen-
eral Public License [8], which means that anyone is free to use or modify the
software, provided these rights are preserved.

The source code of DOLFIN, including numerous example programs,
is available at the web page http://www.phi.chalmers.se/dolfin/, and
each new release is announced on freshmeat.net. Alternatively, the source
code can be obtained through anonymous CVS as explained on the web
page. Comments and contributions are welcome.

1.3. Notation. For a detailed description of the multi-adaptive Galerkin
methods, we refer the reader to [14, 15, 16, 17, 13]. In particular, we refer
to [14] or [16] for the definition of the methods.

The following notation is used throughout this paper: Each component
Ui(t),i=1,...,N, of the approximate m(c/d)G(g) solution U(t) of (1.1) is
a piecewise polynomial on a partition of (0,7 into M; subintervals. Subin-
terval j for component i is denoted by Ij; = (t;;—1,t;], and the length of
the subinterval is given by the local time step ki; = t;; —t;j-1. This is
illustrated in Figure 1. On each subinterval I;;, Ui|r,; is a polynomial of
degree g;; and we refer to (I;;,Uilr,;) as an element.

Furthermore, we shall assume that the interval (0,7 is partitioned into
blocks between certain synchronized time levels 0 =Ty < Ty < ... < Ty =
T. We refer to the set of intervals 7,, between two synchronized time levels
T,—1 and T), as a time slab:

Ty = {Lij : Tho1 < tij—1 <ty < Tp}.
We denote the length of a time slab by K,, =T,, — T,,—1.

1.4. Outline of the paper. We first present the user interface of the
multi-adaptive solver in Section 2, before we discuss the algorithms of multi-
adaptive time-stepping in Section 3. In Section 4, we present numerical re-
sults for the bistable equation as an example of multi-adaptive time-stepping
for a partial differential equation.

2. USER INTERFACE

Potential usage of the multi-adaptive solver ranges from a student or
teacher wanting to solve a fixed ODE in an educational setting, to a PDE
package using it as an internal solver module. The user interface of the
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Tnfl Kn Tn

FIGURE 1. Individual partitions of the interval (0, 7] for dif-
ferent components. Elements between common synchronized
time levels are organized in time slabs. In this example, we
have N =6 and M = 4.

multi-adaptive solver is specified in terms of an ODE base class consisting
of a right hand side f, a time interval [0, 7], and initial value wg, as shown
in Figure 2.

To solve an ODE, the user implements a subclass which inherits from the
ODE base class. As an example, we present in Figure 2 and Table 1 the
implementation of the harmonic oscillator

U1 = ug,

2.1
@1 U = —uy,

on [0,10] with initial value u(0) = (0, 1).
3. MULTI-ADAPTIVE TIME-STEPPING

We present below a collection of the key algorithms for multi-adaptive
time-stepping. The algorithms are given in pseudo-code and where appro-
priate we give remarks on how the algorithms have been implemented using
C++ in DOLFIN. In most cases, we present simplified versions of the algo-
rithms with focus on the most essential steps.

3.1. General algorithm. The general multi-adaptive time-stepping algo-
rithm (Algorithm 1) is based on the algorithm CreateTimeSlab (Algorithm
3) and the algorithms for adaptive fixed point iteration on time slabs dis-
cussed below in Section 3.3. Starting at ¢ = 0, the algorithm creates a
sequence of time slabs until the given end time 7' is reached. The end time
T is given as an argument to CreateTimeSlab, which creates a time slab
covering an interval [T},_1,T},] such that 7, < T. CreateTimeSlab returns
the end time T, of the created time slab and the integration continues until
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ODE
-N: int
-T: real

+0DE(in N:int)

+f(in u:Vector,in t:real,in i:int): rea
+u0(in i:int): real

+solve(out u:Function)

Harmonic

+Harmonic()
+f(in u:Vector,in t:real,in i:int): rea
+u@(in i:int): real

FIGURE 2. UML class diagram showing the base class inter-
face of the multi-adaptive ODE-solver together with a sub-
class representing the ODE (2.1).

T, = T. For each time slab, adaptive fixed point iteration is performed on
the time slab until the discrete equations given by the mcG(g) or mdG(q)
method have converged.

Algorithm 1 U = Integrate(ODE)

t—0

while t < T do
{time slab, ¢t} « CreateTimeSlab({1,...,N}, ¢, T)
Iterate(time slab)

end while

In DOLFIN, Algorithm 1 is implemented by the class TimeStepper, which
can be used in two different ways (see Table 2). In the standard case, the
function TimeStepper: :solve () is called to integrate the given ODE on the
interval [0, 7]. The class TimeStepper also provides the alternative interface
TimeStepper: :step(), that can be used to integrate the solution one time
slab at a time. This is useful in interactive applications, where the right-
hand side f of (1.1) needs to be modified in each step of the integration.

The basic forward integrator, Algorithm 1, can be used as the main com-
ponent of an adaptive algorithm with automated error control of the com-
puted solution (Algorithm 2). This algorithm first estimates the individual
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Harmonic: :Harmonic : ODE(2)
{

T = 10.0;
}

real Harmonic::uO(int i)
{
if (i == 0)
return 0;
if (i == 1)
return 1;

}

real Harmonic::f(Vector u, real t, int i)
{
if (4 == 0)
return u(1);
if (i == 1)
return -u(0);

}

TABLE 1. Sketch of the C++ implementation of the har-
monic oscillator (2.1). Note that C++ indexing starts at
0.

class TimeStepper
{
TimeStepper (ODE ode, Function u);

static void solve(ODE ode, Function u);
real step();
}

TABLE 2. Sketch of the C++ interface of the multi-adaptive
time-stepper, Algorithm 1.

stability factors {S;(T)}X,, which together with the local residuals deter-
mine the multi-adaptive time steps. (See [4, 5, 2] or [14] for a discussion
on duality-based a posteriori error estimation.) The preliminary estimates
for the stability factors can be based on previous experience, i.e., if we
have solved a similar problem before, but usually we take S;(T) = 1 for
i=1,...,N.

In each iteration, the primal problem (1.1) is solved using Algorithm 1.
An ODE of the form (1.1) representing the dual problem is then created, as
discussed below in Section 3.7, and solved using Algorithm 1. It is important
to note that both the primal and the dual problems are solved using the same
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algorithm, but with different time steps and, possibly, different tolerances,
methods, and orders. When the solution of the dual problem has been
computed, the stability factors {S;(T)}¥; and the error estimate can be
computed.

Algorithm 2 U = Solve(ODE, TOL)

estimate stability factors
repeat
U = Integrate(ODE)
create dual problem ODE*
® = Integrate(ODE*)
compute stability factors
compute error estimate E
until £ < TOL

3.2. Recursive construction of time slabs. In each step of Algorithm
1, a new time slab is created between two synchronized time levels T),_; and
T,,. The time slab is organized recursively as follows. The root time slab
covering the interval [T},—1,T},] contains a non-empty list of elements, which
we refer to as an element group, and a possibly empty list of time slabs,
which in turn may contain nested groups of elements and time slabs. This
is illustrated in Figure 3.

To create a time slab, we first compute the desired time steps for all com-
ponents as discussed below in Section 3.5. A threshold 0K is then computed
based on the maximum time step K and a fixed parameter 6 controlling the
density of the time slab. The components are then partitioned into two sets
based on the threshold, see Figure 4. For each component in the group with
large time steps, an element is created and added to the element group of
the time slab. The remaining components with small time steps are pro-
cessed by a recursive application of this algorithm for the construction of
time slabs. For a more detailed discussion of the construction, see [13].

We organize the recursive construction of time slabs as described by Al-
gorithms 3, 4, 5, and 6. The recursive construction simplifies the implemen-
tation; each recursively nested time slab can be considered as a sub system
of the ODE. Note that the group of recursively nested time slabs for compo-
nents in group Iy is created before the element group containing elements for
components in group I;. The tree of time slabs is thus created recursively
depth-first, which means in particular that the element for the component
with the smallest time step is created first.

Algorithm 4 for the partition of components can be implemented effi-
ciently using the function std: :partition(), which is part of the Standard
C++ Library.
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Algorithm 3 {time slab, T,,} = CreateTimeSlab(components, T;,—1, T')

{Iy, I, K} < Partition(components)
if T,_1 + K <T then
T, —Th 1+ K
else
T, T
end if
time slabs < CreateTimeSlabs(ly, Ty,—1, Tp)
element group « CreateElements(I1, T),—1, T},)
time slab < {time slabs, element group}

Algorithm 4 {Iy, I, K} = Partition(components)

10 — (b
I 1< (b
K «— mazximum time step within components
for each component do
k «— time step of component
if k < 0K then
Iy « Iy U {component}
else
Iy «— I; U {component}
end if
end for
K — minimum time step within I
KK

Algorithm 5 time slabs = CreateTimeSlabs(components, Tj,—1, T,)

time slabs « ()

t—Th

while t < T do
{time slab, ¢t} «— CreateTimeSlab(components, t, T,)
time slabs < time slabs U time slab

end while

Algorithm 6 elements = CreateElements(components, Ty,—1, T},)

elements « ()

for each component do
create element for component on [Ty,—1,T,]
elements «— elements U element

end for

8 JOHAN JANSSON AND ANDERS LOGG

|
I
Th-1 T,

FIGURE 3. The recursive organization of the time slab. Each
time slab contains an element group and a list of recursively
nested time slabs. The root time slab in the figure contains
one element group of three elements and three time slabs.
The first of these sub slabs contains an element group of two
elements and two nested time slabs, and so on. The root
time slab recursively contains a total of nine element groups
and 35 elements.

3.3. Adaptive fixed point iteration on time slabs. As discussed in
[13], the discrete equations given by the mcG(q) or mdG(g) method on each
time slab are solved using adaptive fixed point iteration. For the fixed point
iteration, each time slab is viewed as a discrete system of equations the form

(3.1 F(z)=0

for the degrees of freedom z of the solution U on the time slab. This system is
partitioned into coupled sub systems which each take the form (3.1), one for
each element group. Similarly, each element group is naturally partitioned
into sub systems, one for each element within the element group.

The general algorithm for nested fixed point iteration on the sub systems
of a time slab is based on the principle that each iteration on a given system
consists of fixed point iteration on each sub system, as outlined in Table
3. By modifying the condition (1, 2, or 3) for fixed point iteration on each
level of iteration, different versions of the overall iterative algorithm are ob-
tained. In [13], four different strategies for the adaptive fixed point iteration
are discussed: non-stiff iteration, adaptive level 1 iteration, adaptive level 2
iteration, and adaptive level 3 iteration. By monitoring the convergence at
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FIGURE 4. The partition of components into groups of small
and large time steps for § = 1/2.

the different levels of iteration, the appropriate version of the adaptive fixed
point iteration is chosen, depending on the stiffness of the problem.

Table 3 shows a simplified version of the fixed point iteration. The full al-
gorithm also needs to monitor the convergence rate, stabilize the iterations,
and (possibly) change strategy, as shown in Algorithm 7 (Iterate) and Algo-
rithm 8 (Update). Both algorithms return the increment d for the degrees
of freedom of the current (sub) system. In the case of Algorithm 7, the
increment is computed as the maximum increment over the iterations for
the system, and in Algorithm 8, the increment is computed as the l3-norm
of the increments for the set of sub systems.

Since we sometimes need to change the strategy for the fixed point it-
eration depending on the stiffness of the problem, the fixed point iteration
is naturally implemented as a state machine, where each state has different
versions of the algorithms Converged, Diverged, Stabilize, and Update.

In DOLFIN, the state machine is implemented as shown in Figure 5, fol-
lowing the design pattern for a state machine suggested in [9]. The class
FixedPointIteration implements Algorithm 7 and the class Iteration
serves as a base class (interface) for the subclasses NonStiffIteration,
AdaptiveIterationLevell, AdaptivelterationLevel2, and Adaptivelte-
rationLevel3. Each of these subclasses implement the interface specified
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Iterate(time slab) Update(time slab)
while condition 3 do for each element group do
Update(time slab) / Iterate(element group)
end while end for
Iterate(element group) Update(element group)

while condition 2 do for each element do

Update(element group) / Iterate(element)
end while end for

Update(element)
Iterate(element) for each degree of freedom
while condition 1 do do
Update(element) — Update(degree of free-
end while dom)
end for

TABLE 3. Nested fixed point iteration on the time slab.

Algorithm 7 d = Iterate(system)

d—0
loop
forn=1,... ,nmax do
if Converged(system) then
return
end if
if Diverged(system) then
ChangeState()
break
end if
Stabilize(system)
d «— max(d, Update(system))
end for
end loop

Algorithm 8 d = Update(system)

d«—0

for each sub system do
d; < Iterate(sub system)
de—d+d?

end for

d—d
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FixedPointlteration|

-state: Iteration*

Iteration

+converged():
+diverged():
+stabilize():
+update():

NonStifflteration IAdaptivelterationLevel?

IAdaptivelterationLevell IAdaptivelterationLevel3

FIGURE 5. UML class diagram showing the implementation
of the state machine for adaptive fixed point iteration in
DOLFIN.

by the base class Iteration, in particular the functions Iteration::con-
verged(), Iteration: :diverged(), Iteration: :stabilize(), and Ite-
ration: :update() for each level of iteration (element level, element group
level, and time slab level). To change the state, the object pointed to by the
pointer state is deleted and a new object is allocated to the pointer, with
the type of the new object determined by the new state. This simplifies the
implementation of the state machine and makes it possible to separate the
implementation of the different states.

3.4. Cumulative power iteration. In each iteration of Algorithm 7, the
amount of damping for the fixed point iteration is determined by the algo-
rithm Stabilize. If the convergence rate of the iterations is not satisfactory,
then the appropriate damping factor a and the number of stabilizing itera-
tions m are determined by cumulative power iteration, as discussed in [13];
the divergence rate p is first determined by Algorithm 9, and then o and m
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are determined according to

1/V2
3.2 = =
(3.2) =1,
and
(3.3) m = log p.

The iteration continues until the divergence rate p has converged to within
some tolerance tol, typically tol = 10%.

Algorithm 9 p = ComputeDivergence(system)

dy — Update(system)
dy — Update(system)
p2 — da/dy
n <2
repeat
dl — d2
dy — Update(system)
P1 < P2
p2 — ps " (dyfdy) M
n«—mn+1
until |p2 — p1] < tol- p1
P P2

3.5. Controlling the individual time steps. The individual and adap-
tive time steps k;; are determined during the recursive construction of time
slabs based on an a posteriori error estimate for the global error ||e(T)|[;,
at final time, as described in [14, 15]. The a posteriori error estimate is
expressed in terms of the individual stability factors {S;(T)}Y,, the local
time steps {k;; }?i‘ij_\i]:p and the local residuals {r;; }?21]\2[:1 The a posteriori
error estimate takes the form

(3:4)

N

Dl <3S s, K'r,
with p;; = ¢i; for the meG(g) method and p;; = ¢;; 4+ 1 for the mdG(q)
method.

Basing the time step for interval I;; on the residual of the previous interval
I; j_1, since the residual of interval I;; is unknown until the solution on that
interval has been computed, we should thus choose the local time step k;;
according to

TOL 1/1’1]
3.5 O . j=2....Miy, i=1,....N,
(35) ! (Nsi(T)ﬁ,j—l) T T

where TOL is a given tolerance.
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However, the time steps can not be based directly on (3.5), since that
leads to oscillations in the time steps. If r; ;1 is small, then k;; will be
large, and as a result r;; will also be large. Consequently, k; ;11 and 7541
will be small, and so on. To avoid these oscillations, we adjust the time step
knew = kij according to Algorithm 10, which determines the new time step
as the harmonic mean value of the previous time step and the time step
determined by (3.5).

Alternatively, the time steps can be determined using control theory, as
suggested in [10, 18]. Typically, a standard PID controller is used to deter-
mine the time steps with the goal of satisfying kf]?] rij = TOL/(N S;(T')) on
[0,T) fori =1,...,N. However, since multi-adaptive time-stepping requires
an individual controller for each component, the current implementation of
DOLFIN determines the time steps according to Algorithm 10.

Algorithm 10 k = Controller(knew, Kold, Fmax)

k — 2k()](lknew/(k()ld + knew)
k — min(k, kmax)

The initial time steps k;; = -+ = ky1 = Kj are chosen equal for all
components and are determined iteratively for the first time slab. The size
K of the first time slab is first initialized to some default value, possibly
based on the length T of the time interval, and then adjusted until the local
residuals are sufficiently small for all components.

3.6. Implementation of general elements. As described in [15], the sys-
tem of equations to be solved for the degrees of freedom {;j,} on each
element takes the form

(3.6) &ijm = &ijo +/1 'LUEZL]](Ti_i(t))fi(U(t)vt) dt, m=1,...,q;j,
ij

for the mcG(g) method, with 7;;(t) = (¢t — t; j—1)/(tij — tij—1) and where

{wl%”]}fr’f:l c Plai=11([0,1]) are polynomial weight functions. For mdG(g),

the system of equations on each element has a similar form, with m =

07 cee s Gige

The integral in (3.6) is computed using quadrature, and thus the weight
functions {711%”]}3,"1;1 need to be evaluated at a set of quadrature points
{sn} C [0,1]. In DOLFIN, these values are computed and tabulated each
time a new type of element is created. If the same method is used for all
components throughout the computation, then this computation is carried
out only once.

For the mcG(gq) method, Lobatto quadrature with n = ¢ + 1 quadrature
points is used. The n > 2 Lobatto quadrature points are defined on [—1,1]
as the two end-points together with the roots of the derivative P]_; of the
(n — 1)th-order Legendre polynomial. The quadrature points are computed

14 JOHAN JANSSON AND ANDERS LOGG

in DOLFIN using Newton’s method to find the roots of P,_; on [—1,1], and
are then rescaled to the interval [0, 1].

Similarly, Radau quadrature with n = ¢+ 1 quadrature points is used for
the mdG(g) method. The n > 1 Radau points are defined on [—1,1] as the
roots of @, = P,_1 + P,, where P,_; and P, are Legendre polynomials.
Note that the left end-point is always a quadrature point. As for the mcG(q)
method, Newton’s method is used to find the roots of @, on [—1,1]. The
quadrature points are then rescaled to [0,1], with time reversed to include
the right end-point.

Since Lobatto quadrature with n quadrature points is exact for polyno-
mials of degree p < 2n — 3 and Radau quadrature with n quadrature points
is exact for polynomials of degree p < 2n — 2, both quadrature rules are
exact for polynomials of degree n — 1 for n > 2 and n > 1, respectively.
With both quadrature rules, the integral of the Legendre polynomial P, on
[—1,1] should thus be zero for p = 0,...,n—1. This defines a linear system,
which is solved to obtain the quadrature weights.

After the quadrature points {Sn}gz]:o have been determined, the polyno-

mial weight functions {w[rZ” ] %3 | are computed as described in [14] (again

by solving a linear system) and then evaluated at the quadrature points.
Multiplying these values with the quadrature weights, we rewrite (3.6) in
the form

(3.7)
aij

Eijm = Eijo+kij Zww['g%]fi(U(ti,j—l‘i’snkij)yti,j—l‘i’snkij)y m=1,...,q;j.
n=0

General order mcG(gq) and mdG(g) have been implemented in DOLFIN.
The two methods are implemented by the two classes cGgElement and
dGgElement, implementing the interface specified by the common base class
Element. Both classes take the order ¢ as an argument to its constructor
and implement the appropriate version of (3.7).

3.7. Automatic generation of the dual problem. The dual problem
of (1.1) for ¢ = ¢(t) that is solved to obtain stability factors and error
estimates is given by

_(})(t) = J(U7 t)T¢(t)7 te [07 T)v

(3.8)

o(T) =1,
where J(U,t) denotes the Jacobian of the right-hand side f of (1.1) at time
t. Note that we need to linearize around the computed solution U, since the
exact solution u of (1.1) is not known. To solve this backward problem over
[0,T) using the forward integrator Algorithm 1, we rewrite (3.8) as a forward
problem. With w(t) = (T —t), we have ) = —¢(T —t) = J T (U, T —t)w(t),
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ODE

-N: int

-T: real

+0DE(in N:int)

+f(in u:Vector,in t:real,in i:int): rea
+u0(in i:int): real

+solve(out u:Function)

Dual

+Dual(in ode:0DE,u:Function)
+f(in u:Vector,in t:real,in i:int): rea
+u0(in 1:int): real

FIGURE 6. The dual problem is implemented as a subclass
of the common base class for ODEs of the form (1.1).

and so (3.8) can be written as a forward problem for w in the form

w(t) = f*w(t),t) = JU,T —t) w), te(0,T],

w(0) = 9.
In DOLFIN, the initial value problem for w is implemented as a subclass of
the ODE base class, as shown in Figure 6, which makes it possible to solve
the dual problem using the same algorithm as the primal problem.

The constructor of the dual problem takes as arguments the primal prob-
lem (1.1) and the computed solution U of the primal problem. The right-
hand side f* of the dual problem is automatically generated by numerical
differentiation of the right-hand side of the primal problem.

(3:9)

3.8. Interpolation of the solution. To update the degrees of freedom for
an element according to (3.7), the appropriate component f; of the right-
hand side of (1.1) needs to be evaluated at the set of quadrature points. In
order for f; to be evaluated, each component U; of the computed solution U
on which f; depends has to be evaluated at the quadrature points. We let
S; C{1,..., N} denote the sparsity pattern of component U;, i.e., the set of
components on which f; depend,

(3.10) Si={je{l,....N}:0f;/0u; # 0}.

Thus, to evaluate f; at a given time ¢, only the components U for j € S; need
to be evaluated at ¢, see Algorithm 11. This is of particular importance for
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problems of sparse structure and makes it possible to use the multi-adaptive
solver for the integration of time-dependent PDEs, see Section 4. The spar-
sity pattern S; is automatically detected by the solver. Alternatively, the
sparsity pattern can be specified by a (sparse) matrix.

Algorithm 11 y = EvaluateRightHandSide(i,t)
for j € S; do
z(j) < U;(t)
end for
Y= jl(x’ t)

The key part of Algorithm 11 is the evaluation of a given component U;
at a given time ¢. To evaluate U;(t), the solver first needs to find the element
(Lij, Uilr,,) satisfying ¢t € I;;. The local polynomial Us|,; is then evaluated
(interpolated) at the given time ¢. During the construction of a time slab,
an element such that ¢ € I;; might not exists, in which case the last element
of component U; is used and extrapolated to the given time ¢.

To find the element (I;;, U;|r,;) such that t € I;;, the function std: :upper-
_bound () is used. This function is part of the Standard C++ Library and
uses binary search to find the appropriate element from the ordered se-
quence of elements for component U;, which means that the complexity of
finding the element is logarithmic. In addition, the speed of the evaluation
is increased by caching the latest used element and each time checking this
element before the binary search is performed.

3.9. Storing the solution. Since the computed solution U of the primal
problem (1.1) is needed for the computation of the discrete solution ® of
the dual problem (3.8), the solution needs to be stored to allow U to be
evaluated at any given ¢ € [0,T].

The solution is stored on disk in a temporary file created by the function
tmpfile (), which is part of the C standard I/O library. The solution is
written in blocks to the file in binary format. During the computation, a
cache of blocks is kept in main memory to allow efficient evaluation of the
solution. The number of blocks kept in memory depends on the amount of
memory available. For a sufficiently large problem, only one block will be
kept in memory. Each time a value is requested which is not in one of the
available blocks, one of these blocks is dropped and the appropriate block is
fetched from file.
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4. SOLVING THE BISTABLE EQUATION

As an example of multi-adaptive time-stepping, we solve the bistable
equation on the unit cube,

4 —eAu=u(l —u?) inQx (0,7,
(4.1) Opu=0 ondQx (0,T],
u(-,0) =wup in £,

with Q = (0,1) x (0,1) x (0,1), € = 0.0001, final time T" = 100, and with
random initial data uy = ug(z) distributed uniformly on [—1,1].

The bistable equation has been studied extensively before [7, 6] and has
interesting stability properties. In particular, it has two stable steady-state
solutions, v = 1 and uw = —1, and one unstable steady-state solution, u =
0. From (4.1), it is clear that the solution increases in regions where it
is positive and decreases in regions where it is negative. Because of the
diffusion, neighboring regions will compete until finally the solution has
reached one of the two stable steady states. Since this action is local on the
interface between positive and negative regions, the bistable equation is an
ideal example for multi-adaptive time-stepping.

To solve the bistable equation (4.1) using multi-adaptive time-stepping,
we discretize in space using the standard ¢G(1) method [5]. Lumping the
mass matrix, we obtain an ODE initial value problem of the form (1.1),
which we solve using the multi-adaptive mcG(1) method. We refer to the
overall method thus obtained as the ¢G(1)mcG(1) method.

The solution was computed on a uniformly refined tetrahedral mesh with
mesh size h = 1/64. This mesh consists of 1,572,864 tetrahedrons and has
N = 274,625 nodes. In Figure 7, we plot the initial value used for the
computation, and in Figure 8 the solution at final time 7" = 100. We also
plot the solution and the multi-adaptive time steps at time ¢ = 10 in Figure
9 and Figure 10, and note that the time steps are small in regions where
there is strong competition between the two stable steady-state solutions,
in particular in regions with where the curvature of the interface is small.

The computation was carried out using DOLFIN version 0.4.9, which
includes the bistable equation as one of numerous multi-adaptive test prob-
lems. The visualization of the solution was made using OpenDX [1] version
4.3.2. Animations of the solution and the multi-adaptive time steps are
available in the gallery on the DOLFIN web page [11].
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FIGURE 7. Initial data for the solution of the bistable equa-
tion (4.1).

FIGURE 8. Solution of the bistable equation (4.1) at final
time 7" = 100.
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FIGURE 9. Solution of the bistable equation (4.1) at time ¢ = 10.

FIGURE 10. Multi-adaptive time steps at time ¢ = 10 for the
solution of the bistable equation (4.1).

20

JOHAN JANSSON AND ANDERS LOGG

REFERENCES

[1] OpenDX, http://www.opendx.org/.
[2] R. BECKER AND R. RANNACHER, An optimal control approach to a posteriori error

3

(4

[6] ——, Computational Differential Equations, Cambridge University Press, 1996.

(11
(12

(13

]

=
S

[15

]

[16]

(17]

(18

estimation in finite element methods, Acta Numerica, 10 (2001).

T. DuponT, J. HOFFMAN, C. JOHNSON, R.C. KirRBY, M.G. LARSON, A. LOGG,
AND L.R. ScorT, The FEniCS project, Tech. Rep. 2003-21, Chalmers Finite Element
Center Preprint Series, 2003.

K. ErikssoN, D. Estep, P. HANSBO, AND C. JOHNSON, Introduction to adaptive
methods for differential equations, Acta Numerica, (1995), pp. 105-158.

D. EsTEP, An analysis of numerical approzimations of metastable solutions of the
bistable equation, Nonlinearity, 7 (1994), pp. 1445-1462.

D. EsTEP, M. LARSON, AND R. WILLIAMS, Estimating the error of numerical solu-
tions of systems of nonlinear reaction—diffusion equations, Memoirs of the American
Mathematical Society, 696 (2000), pp. 1-109.

FREE SOFTWARE FOUNDATION, GNU GPL, http://www.gnu.org/copyleft/gpl.html.
E. GammA, R. HELM, R. JOHNSON, AND J. VLISSIDES, Design Patterns: FElements
of Reusable Object-Oriented Software, Addison Wesley, 1995.

K. GUSTAFSSON, M. LUNDH, AND G. SODERLIND, A PI stepsize control for the nu-
merical solution of ordinary differential equations, BIT, 28 (1988), pp. 270-287.

J. HOFFMAN AND A. LOGG ET AL., DOLFIN, http://www.phi.chalmers.se/dolfin/.

J. HOFFMAN AND A. LoGG, DOLFIN: Dynamic Object oriented Library for FINite
element computation, Tech. Rep. 2002-06, Chalmers Finite Element Center Preprint
Series, 2002.

J. JANSSON AND A. LOGG, Multi-adaptive Galerkin methods for ODEs V: Stiff prob-
lems, submitted to BIT, (2004).

A. Loca, Multi-adaptive Galerkin methods for ODEs I, SIAM J. Sci. Comput., 24
(2003), pp. 1879-1902.

, Multi-adaptive Galerkin methods for ODEs II: Implementation and applica-
tions, SIAM J. Sci. Comput., 25 (2003), pp. 1119-1141.

, Multi-adaptive Galerkin methods for ODEs I1I: Existence and stability, Sub-
mitted to STAM J. Numer. Anal., (2004).

——, Multi-adaptive Galerkin methods for ODEs IV: A priori error estimates, Sub-
mitted to STAM J. Numer. Anal., (2004).

G. SODERLIND, Digital filters in adaptive time-stepping, ACM Trans. Math. Softw.,
29 (2003), pp. 1-26.




SIMULATION OF MECHANICAL SYSTEMS WITH
INDIVIDUAL TIME STEPS

JOHAN JANSSON AND ANDERS LOGG

ABSTRACT. The simulation of a mechanical system involves the formu-
lation of a differential equation (modeling) and the solution of the differ-
ential equation (computing). The solution method needs to be efficient
as well as accurate and reliable. This paper discusses multi-adaptive
Galerkin methods in the context of mechanical systems. The primary
type of mechanical system studied is an extended mass—spring model.
A multi-adaptive method integrates the mechanical system using indi-
vidual time steps for the different components of the system, adapting
the time steps to the different time scales of the system, potentially
allowing enormous improvement in efficiency compared to traditional
mono-adaptive methods.

1. INTRODUCTION

Simulation of mechanical systems is an important component of many
technologies of modern society. It appears in industrial design, for the pre-
diction and verification of mechanical products. It appears in virtual reality,
both for entertainment in the form of computer games and movies, and in
the simulation of realistic environments such as surgical training on virtual
and infinitely resurrectable patients. Common to all these applications is
that the computation time is critical. Often, an application is real-time,
which means that the time inside the simulation must reasonably match the
time in the real world.

Simulating a mechanical system involves both modeling (formulating an
equation describing the system) and computation (solving the equation).
The model of a mechanical system often takes the form of an initial value
problem for a system of ordinary differential equations of the form

u(t) = f(u(t)vt)v te (OvTL
u(0) = uo,

(L1)
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where u : [0,7] — RY is the solution to be computed, ug € RY a given
initial value, T' > 0 a given final time, and f : RY x (0,7] — RY a given
function that is Lipschitz-continuous in « and bounded.

The simulation of a mechanical system thus involves the formulation of
a model of the form (1.1) and the solution of (1.1) using a time-stepping
method. We present below multi-adaptive Galerkin methods for the solution
of (1.1) with individual time steps for the different parts of the mechanical
system.

1.1. Mass—spring systems. A mass-spring system consists of a set of
point masses connected by springs, typically governed by Hooke’s law with
other laws optionally present, such as viscous damping and external forces.
Mass—spring systems appear to encompass most of the behaviors of elemen-
tary mechanical systems and thus represent a simple, intuitive, and powerful
model for the simulation of mechanical systems. This is the approach taken
in this paper.

However, to obtain a physically accurate model of a mechanical system,
we believe it is necessary to solve a system of partial differential equations
properly describing the mechanical system, in the simplest case given by the
equations of linear elasticity. Discretizing the system of PDEs in space, for
example using the Galerkin finite element method, an initial value problem
for a system of ODEs of the form (1.1) is obtained. The resulting system can
be interpreted as a mass—spring system and thus the finite element method
in combination with a PDE model represents a systematic methodology for
the generation of a mass-spring model of a given mechanical system.

1.2. Time-stepping methods. Numerical methods for the (approximate)
solution of (1.1) are almost exclusively based on time-stepping, i.e., the
step-wise integration of (1.1) to obtain an approximation U of the solution
u satisfying

tj
(1.2) u(t;) = u(tj_1) +/ flu(t),tydt, j=1,...,M,
ti1
for a partition 0 = tg < ¢1 < .-+ < tpr = T of [0,7]. The approximate
solution U = u is obtained by an appropriate approximation of the integral
i
J5 Fau). .

Selecting the appropriate size of the time steps {k; = t; — tj—l}j]\il is
essential for efficiency and accuracy. We want to compute the solution U
using as little work as possible, which means using a small number of large
time steps. At the same time, we want to compute an accurate solution U
which is close to the exact solution u, which means using a large number of
small time steps. Often, the accuracy requirement is given in the form of a
tolerance TOL for the size of the error e = U — u in a suitable norm. The
competing goals of efficiency and accuracy can be met using an adaptive
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algorithm, determining a sequence of time steps {k; };‘il which produces an
approximate solution U satisfying the given tolerance with minimal work.

Galerkin finite element methods present a general framework for the nu-
merical solution of (1.1), including adaptive algorithms for the automatic
construction of an optimal time step sequence, see [7, 8. The Galerkin
finite element method for (1.1) reads: Find U € V, such that

(1.3) /OT(UW) dt = /OT(f,v) dt YweV,

where (-, -) denotes the R inner product and (V, V) denotes a suitable pair
of finite dimensional subspaces (the trial and test spaces).
Typical choices of approximating spaces include

V= {U € [C([07T])]N : 'Ullj € [Pq(Ij)]N7 Jj= 17"'7]\/1}7

(14) V={v:ol, e PTHIY, j=1..., M},

ie., V represents the space of continuous and piecewise polynomial vector-
valued functions of degree ¢ > 1 and 1% represents the space of discontinuous
piecewise polynomial vector-valued functions of degree ¢ — 1 on a partition
of [0,T]. We refer to this as the ¢G(q) method. With both V and V
representing discontinuous piecewise polynomials of degree ¢ > 0, we obtain
the dG(¢) method. Early work on the ¢G(gq) and dG(gq) methods include
[6, 19, 10, 9].

By choosing a constant test function v in (1.3), it follows that both the
¢G(g¢) and dG(g) solutions satisfy the relation

t]
L5) Uk =Ut)+ [ fU@.d j=1....M,
o1
corresponding to (1.2).
In the simplest case of the dG(0) method, we note that f;]]il FU@),t)dt ~
k;jf(U(t;),t;), since U piecewise constant, with equality if f does not depend
explicitly on ¢. We thus obtain the method

(1.6) Ulty) =U(tj—1) + ki f(UE), ), §=1,....M,

which we recognize as the backward (or implicit) Euler method. In general,
a c¢G(q) or dG(q) method corresponds to an implicit Runge-Kutta method,
with details depending on the choice of quadrature for the approximation of
the integral of f(U,-).

1.3. Multi-adaptive time-stepping. Standard methods for the discretiza-
tion of (1.1), including the ¢G(g) and dG(g) methods, require that the same
time steps {k]}ﬁl are used for all components U; = U;(t) of the approx-
imate solution U of (1.1). This can be very costly if the system exhibits
multiple time scales of different magnitudes. If the different time scales are
localized to different components, efficient representation and computation
of the solution thus requires that this difference in time scales is reflected
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in the choice of approximating spaces (V, V) We refer to the resulting
methods, recently introduced in a series of papers [20, 21, 22, 23, 16], as
multi-adaptive Galerkin methods.

Surprisingly, individual time-stepping (multi-adaptivity) has previously
received little attention in the large literature on numerical methods for
ODEs, see e.g. [3, 12, 13, 2, 27, 1], but has been used to some extent
for specific applications, including specialized integrators for the n-body
problem [24, 4, 26], and low-order methods for conservation laws [25, 18, 5].

1.4. Obtaining the software. The examples presented below have been
obtained using DOLFIN version 0.4.11 [14]. DOLFIN is licensed under the
GNU General Public License [11], which means that anyone is free to use
or modify the software, provided these rights are preserved. The source
code of DOLFIN, including numerous example programs, is available at the
DOLFIN web page, http://wuw.phi.chalmers.se/dolfin/, and each new
release is announced on freshmeat.net. Alternatively, the source code can be
obtained through anonymous CVS as explained on the web page. Comments
and contributions are welcome.

The mechanical systems presented in the examples have been imple-
mented using Ko, which is a software system for the simulation of mass—
spring models, based on DOLFINs multi-adaptive ODE-solver. Ko will be
released shortly under the GNU General Public License and will be available
at http://www.phi.chalmers.se/ko/.

1.5. Outline of the paper. We first describe the basic mass-spring model
in Section 2 and then give a short introduction to multi-adaptive Galerkin
methods in Section 3. In Section 4, we discuss the interface of the multi-
adaptive solver and its application to mass—spring models. In Section 5, we
investigate and analyze the performance of the multi-adaptive methods for a
set of model problems. Finally, we present in Section 6 results for a number
of large mechanical systems to demonstrate the potential and applicability
of the proposed methods.

2. MASS—SPRING MODEL

We have earlier in [17] described an extended mass—spring model for the
simulation of systems of deformable bodies.

The mass—spring model represents bodies as systems of discrete mass ele-
ments, with the forces between the mass elements transmitted using explicit
spring connections. (Note that “spring” is a historical term, and is not lim-
ited to pure Hookean interactions.) Given the forces acting on an element,
we can determine its motion from Newton’s second law,

(2.1) F = ma,

where F' denotes the force acting on the element, m is the mass of the
element, and a = & is the acceleration of the element with = (1,22, 23)
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A mass element e is a set of parameters {x, v, m, r, C'}:

T position

v velocity

m mass

r radius

C a set of spring connections

A Lsplmq connection ¢ is a set of parameters {e1, ez, K, b, lo, If}:

e; : the first mass element connected to the spring
ey : the second mass element connected to the spring
k : Hooke spring constant

b : damping constant

lp : rest length
ly . fracture length

TABLE 1. Descriptions of the basic elements of the mass—
spring model: mass elements and spring connections.

the position of the element. The motion of the entire body is then implicitly
described by the motion of its individual mass elements.

The force given by a standard spring is assumed to be proportional to the
elongation of the spring from its rest length. We extend the standard model
with contact, collision and fracture, by adding a radius of interaction to each
mass element, and dynamically creating and destroying spring connections
based on contact and fracture conditions.

In Table 1 and Figure 1, we give the basic properties of the mass—spring
model consisting of mass elements and spring connections. With these def-
initions, a mass—spring model may thus be given by just listing the mass
elements and spring connections of the model.

3. MULTI-ADAPTIVE GALERKIN METHODS

The multi-adaptive methods mcG(gq) and mdG(q) used for the simulation
are obtained as extensions of the standard c¢G(g) and dG(g) methods by
enriching the trial and test spaces (V, V) of (1.3) to allow each component
U; of the approximate solution U to be piecewise polynomial on an individual
partition of [0, 7.

3.1. Definition of the methods. To give the definition of the multi-
adaptive Galerkin methods, we introduce the following notation: Subin-
terval j for component i is denoted by I;; = (t;j—1,t;;], and the length
of the subinterval is given by the local time step kij = t;j — t; ;-1 for
j =1,...,M;. This is illustrated in Figure 2. We also assume that the
interval [0, 7] is partitioned into blocks between certain synchronized time
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Actlial ]ehgth of ¢ ‘

Rest 1é£1gth of ¢

" Fracture lengtvhio'f ¢
Radius of e;

Radius of ey

FIGURE 1. Schema of two mass elements e; and es, a spring
connection ¢, and important quantities.

levels 0 = Ty < Ty < --- < Ty = T. We refer to the set of intervals 7,
between two synchronized time levels T,,—1 and T, as a time slab.

With this notation, we can write the mcG(g) method for (1.1) in the
following form: Find U € V, such that

T T
(3.1) /O(U,U)dt:/o (f,v)dt YveV,

where the trial space V and test space V are given by

(3.2)
V={velc(o, )" :vilr, € PP (Iy), j=1,....,M;, i=1,...,N},
V={vivly, e P NIy, j=1,...,M; i=1,...,N}.

The mcG(g) method is thus obtained as a simple extension of the standard
¢G(g) method by allowing each component to be piecewise polynomial on an
individual partition of [0,7]. Similarly, we obtain the mdG(gq) method as a
simple extension of the standard dG(g) method. For a detailed description
of the multi-adaptive Galerkin methods, we refer the reader to [20, 21, 22,
23, 16]. In particular, we refer to [20] or [22] for the full definition of the
methods.

3.2. Adaptivity. The individual time steps {k;; } i 1 ii—1 are chosen adap-
tively based on an a posteriori error estimate for the global error e = U — u
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Ii'

FIGURE 2. Individual partitions of the interval [0, 7] for dif-
ferent components. Elements between common synchronized
time levels are organized in time slabs. In this example, we
have N =6 and M = 4.

at final time ¢ = T, as discussed in [20, 21]. The a posteriori error estimate
for the mcG(q) method takes the form

N
. } : [a:] ai
. | < (T me “"RA(U, -
(3 3) HS( )”12 > Cq S@ ( ) [O,(LT)](‘kZ l( ’ )|7

i=1

where Cy is an interpolation constant, Sl[(h](T ) are the individual stability
factors, k; = k;(t) are the individual time steps, and R;(U,-) = U; — f;(U, ")
are the individual residuals for i = 1,..., N. The individual stability factors
Sl[q‘] (T), measuring the effect of local errors introduced by a nonzero local
residual on the global error, are obtained from the solution ¢ of an associated
dual problem, see [7] or [20].

Thus, to determine the individual time steps, we measure the individual
residuals and take each individual time step k;; such that

(3.4) iy max | By (U, = TOL/(NC,S"(T)),

where TOL is a tolerance for the error at final time. See [21] or [15] for
a detailed discussion of the algorithm for the automatic selection of the
individual time steps.

3.3. Iterative methods. The system of discrete nonlinear equations de-
fined by (3.1) is solved by fixed point iteration on time slabs, as described
in [16]. For a stiff problem, the fixed point iteration is automatically stabi-
lized by introducing a damping parameter which is adaptively determined
through feed-back from the computation. We refer to this as adaptive fized
point iteration.
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4. MULTI-ADAPTIVE SIMULATION OF MASS—SPRING SYSTEMS

The simulation of a mechanical system involves the formulation of a dif-
ferential equation (modeling) and the solution of the differential equation
(computing). Having defined these two components in the form of the mass—
spring model presented in Section 2 and the multi-adaptive solver presented
in Section 3, we comment briefly on the user interface of the multi-adaptive
solver.

The user interface of the multi-adaptive solver is specified in terms of
an ODE base class consisting of a right hand side f, a time interval [0, T,
and an initial value ug, as shown in Table 2. To solve an ODE, the user
implements a subclass which inherits from the ODE base class.

class ODE
{
ODE(int N);

virtual real uO(int i);
virtual real f(Vector u, real t, int i);

}

TABLE 2. Sketch of the C++ interface of the multi-adaptive
ODE-solver.

The mass—spring model presented above has been implemented using Ko,
a software system for the simulation and visualization of mass—spring mod-
els. Ko automatically generates a mass—spring model from a geometric rep-
resentation of a given system, as shown in Figure 3. The mass—spring model
is then automatically translated into a system of ODEs of the form (1.1).
Ko specifies the ODE system as an ODE subclass and uses DOLFIN to
compute the solution.

Ko represents a mass—spring model internally as lists of mass elements
and spring connections. To evaluate the right-hand side f of the corre-
sponding ODE system, a translation or mapping is thus needed between a
given mass element and a component number in the system of ODEs. This
mapping may take a number different forms; Ko uses the mapping presented
in Algorithm 1.

5. PERFORMANCE

We consider a simple model problem consisting of a long string of n point
masses connected with springs as shown in Figure 4. The first mass on the
left is connected to a fixed support through a hard spring with large spring
constant k > 1. All other springs are connected together with soft springs
with spring constant x = 1. As a result, the first mass oscillates at a high
frequency, with the rest of the masses oscillating slowly. In Figure 5, we plot
the coordinates for the first three masses on [0, 1].
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4 '_f',- i
&

FIGURE 3. A geometric representation of a cow is automat-
ically translated into a mass—spring model.

Algorithm 1 FromComponents(Vector u, Mass m)

i « index(m)

N « size(u)

m.xy — u(3(t—1)+1)
m.xy — u(3(t —1)+2)
m.xg — u(3(i —1)+3)

mp — u(N/2+3( —1)+1)
m.vg — u(N/2+3(i — 1) +2)
m.vg — u(N/2+3(i — 1) + 3)
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BE S S S8, 9%, 99

FIGURE 4. The mechanical system used for the performance
test. The system consists of a string of masses, fixed at the
left end. Each mass has been slightly displaced to initialize
the oscillations.
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FIGURE 5. Coordinates for the first three masses of the sim-
ple model problem (left) and for the third mass (right).

To compare the performance of the multi-adaptive solver (in the case of
the mcG(1) method) with a mono-adaptive method (the cG(1) method), we
choose a fixed small time step & for the first mass and a fixed large time step
K > k for the rest of the masses in the multi-adaptive simulation, and use
the same small time step k for all masses in the mono-adaptive simulation.
We let M = K/k denote the number of small time steps per each large time
step.

We run the test for M = 100 and M = 200 with large spring constant
k= 10M for the hard spring connecting the first mass to the fixed support.
We use a large time step of size K = 0.1 and, consequently, a small time
step of size k = 0.1/M. The computation time T, is recorded as function of
the number of masses n.

As shown in Figure 6, the computation time for the multi-adaptive solver
grows slowly with the number of masses n, practically remaining constant;
small time steps are used only for the first rapidly oscillating mass and so the
work is dominated by frequently updating the first mass, independent of the
total number of masses. On the other hand, the work for the mono-adaptive
method grows linearly with the total number of masses, as expected.

More specifically, the complexity of the mono-adaptive method may be
expressed in terms of M and n as follows:

(5.1) T.(M,n) = Cy + CoMn,
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FIGURE 6. Computation time T, as function of the num-
ber of masses n for the multi-adaptive solver (dashed) and
a mono-adaptive method (solid), with M = 100 (left) and
M =200 (right).

while for the multi-adaptive solver, we obtain
(5.2) TC(M, n) = Cs3M + Cyn.

Our general conclusion is that the multi-adaptive solver is more efficient
than a mono-adaptive method for the simulation of a mechanical system if
M is large, i.e., when small time steps are needed for a part of the system,
and if n is large, i.e, if large time steps may be used for a large part of the
system.

The same result is obtained if we add damping to the system in the form
of a damping constant of size b = 100 for the spring connections between the
slowly oscillating masses, resulting in gradual damping of the slow oscilla-
tions, while keeping the rapid oscillations of the first mass largely unaffected.
With b = 100, adaptive fixed point iteration is automatically activated for
the solution of the discrete equations, as discussed in Section 3.3.

6. LARGE PROBLEMS AND APPLICATIONS

To demonstrate the potential and applicability of the proposed mass—
spring model and the multi-adaptive solver, we present results for a number
of large mechanical systems.

6.1. Oscillating tail. For the first example, we take the mass—spring model
of Figure 3 representing a heavy cow and add a light mass representing its
tail, as shown in Figure 7. The cow is given a constant initial velocity and
the tail is given an initial push to make it oscillate. A sequence of frames
from an animation of the multi-adaptive solution is given in Figure 8.

We compare the performance of the multi-adaptive solver (in the case of
the meG(1) method) with a mono-adaptive method (the ¢G(1) method) us-
ing the same time steps for all components. We also make a comparison with
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a simple non-adaptive implementation of the ¢G(1) method, with minimal
overhead, using constant time steps equal to the smallest time step selected
by the mono-adaptive method.

As expected, the multi-adaptive solver automatically selects small time
steps for the oscillating tail and large time steps for the rest of the system. In
Figure 9, we plot the time steps as function of time for relevant components
of the system. We also plot the corresponding solutions in Figure 11. In
Figure 10, we plot the time steps used in the mono-adaptive simulation.

The computation times are given in Table 3. The speed-up of the multi-
adaptive method compared to the mono-adaptive method is a factor 70.
Compared to the simple non-adaptive implementation of the cG(1) method,
using a minimal amount of work, the speed-up is a factor 3. This shows
that the speed-up of a multi-adaptive method can be significant. It also
shows that the overhead is substantial for the current implementation of the
multi-adaptive solver, including the organization of the multi-adaptive time
slabs, interpolation of solution values within time slabs, and the evaluation of
residuals for multi-adaptive time-stepping. However, we believe it is possible
to remove a large part of this overhead.

XTI o
PRSI &

FIGURE 7. A cow with an oscillating tail (left) with details
of the tail (right).

FIGURE 8. The tail oscillates rapidly while the rest of the
cow travels at a constant velocity to the right.

6.2. Local manipulation. For the next example, we fix a damped cow
shape at one end and repeatedly push the other end with a manipulator in
the form of a large sphere, as illustrated in Figure 12.
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FIGURE 9. Multi-adaptive time steps used in the simulation
of the cow with oscillating tail. The plot on the left shows
the time steps for components 481-483 corresponding to the
velocity of the tail, and the plot on the right shows the time
steps for components 13-24 corresponding to the positions
for a set of masses in the interior of the cow.

0.001

FIGURE 11. Solution for relevant components of the cow
with oscillating tail. The plot on the left shows the solu-
tion for components 481—483 corresponding to the velocity
of the tail, and the plot on the right shows the solution for
components 13-24 corresponding to the positions for a set of
masses in the interior of the cow.

Algorithm Time / s
Multi-adaptive 40
Mono-adaptive 2800
Non-adaptive 130

0.0001
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1e-06

1e-07
0 0.2

FIGURE 10. Mono-adaptive time steps for the cow with os-

cillating tail.

0.4

0.6

t

As shown in Figure 13, the multi-adaptive solver automatically selects
small time steps for the components directly affected by the manipulation.
This test problem also illustrates the basic use of adaptive time-stepping;
the time steps are drastically decreased at each impact to accurately track
the effect of the impact.

0.8 1

TABLE 3. Computation times for the simulation of the cow
with oscillating tail for three different algorithms: multi-
adaptive mcG(1), mono-adaptive ¢G(1), and a simple imple-
mentation of non-adaptive ¢G(1) with fixed time steps and
minimal overhead.

FIGURE 12. A cow shape is locally manipulated. Small time
steps are automatically selected for the components affected
by the local manipulation, with large time steps for the rest
of the system.
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FIGURE 13. Solution (left) and multi-adaptive time steps
(right) for selected components of the manipulated cow. The
two top rows correspond to the positions of the left- and
right-most masses, respectively, and the two rows below cor-
respond to the velocities of the left- and right-most masses,
respectively.
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6.3. A stiff beam. Our final example demonstrates the applicability of the
multi-adaptive solver to a stiff problem consisting of a block being dropped
onto a stiff beam, as shown in Figure 14. The material of both the block and
the beam is very hard and very damped, with spring constant £ = 107 and
damping constant b = 2-10° for each spring connection. The multi-adaptive
time steps for the simulation are shown in Figure 15. Note that the time
steps are drastically reduced at the time of impact, with large time steps
before and after the impact.

FIGURE 14. A block is dropped onto a beam. The mate-
rial of both the block and the beam is very hard and very
damped, with spring constant £ = 107 and damping constant
b=2-10°.

7. CONCLUSIONS

From the results presented above, we make the following conclusions re-
garding multi-adaptive time-stepping:

e A multi-adaptive method outperforms a mono-adaptive method for
systems containing different time scales if there is a significant sep-
aration of the time scales and if the fast time scales are localized to
a relatively small part of the system.

e Multi-adaptive time-stepping, and in particular the current imple-
mentation, works in practice for large and realistic problems.
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COMPUTATIONAL MODELING OF
DYNAMICAL SYSTEMS

JOHAN JANSSON, CLAES JOHNSON, AND ANDERS LOGG

ABSTRACT. In this short note, we discuss the basic approach to compu-
tational modeling of dynamical systems. If a dynamical system contains
multiple time scales, ranging from very fast to slow, computational so-
lution of the dynamical system can be very costly. By resolving the fast
time scales in a short time simulation, a model for the effect of the small
time scale variation on large time scales can be determined, making so-
lution possible on a long time interval. This process of computational
modeling can be completely automated. Two examples are presented,
including a simple model problem oscillating at a time scale of 10~°
computed over the time interval [0, 100], and a lattice consisting of large
and small point masses.

1. INTRODUCTION

We consider a dynamical system of the form

u(t) = f(u(t)7t), te (07T]7
(1) u(0) = up,

where u : [0, T] — R is the solution to be computed, ug € RY a given initial
value, T > 0 a given final time, and f : RY x (0,7] — R a given function
that is Lipschitz-continuous in u and bounded. We consider a situation
where the exact solution u varies on different time scales, ranging from very
fast to slow. Typical examples include meteorological models for weather
prediction, with fast time scales on the range of seconds and slow time scales
on the range of years, protein folding represented by a molecular dynamics
model of the form (1.1), with fast time scales on the range of femtoseconds
and slow time scales on the range of microseconds, or turbulent flow with a
wide range of time scales.

To make computation feasible in a situation where computational resolu-
tion of the fast time scales would be prohibitive because of the small time
steps required, the given model (1.1) containing the fast time scales needs to
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be replaced with a reduced model for the variation of the solution u of (1.1)
on resolvable time scales. As discussed below, the key step is to correctly
model the effect of the variation at the fast time scales on the variation on
slow time scales.

The problem of model reduction is very general and various approaches
have been taken, see e.g. [8] and [6]. We present below a new approach
to model reduction, based on resolving the fast time scales in a short time
simulation and determining a model for the effect of the small time scale
variation on large time scales. This process of computational modeling can
be completely automated and the validity of the reduced model can be eval-
uated a posteriori.

2. A SIMPLE MODEL PROBLEM

We consider a simple example illustrating the basic aspects: Find u =
(u1,uz) : [0,T] — R?, such that

iy +up —u3/2=0 on (0,77,
(2.1) s + kug =0 on (0,7,
u(0) = (0,1)  4(0) = (0,0),

which models a moving unit point mass M; connected through a soft spring
to another unit point mass My, with M3 moving along a line perpendicular
to the line of motion of M, see Figure 1. The second point mass My is
connected to a fixed support through a very stiff spring with spring constant
x = 10" and oscillates rapidly on a time scale of size 1//k = 107, The
oscillation of My creates a force ~ u% on M proportional to the elongation
of the spring connecting My to M; (neglecting terms of order u3).

The short time scale of size 10~ requires time steps of size ~ 10710 for
full resolution. With T" = 100, this means a total of ~ 10'? time steps for
solution of (2.1). However, by replacing (2.1) with a reduced model where
the fast time scale has been removed, it is possible to compute the (averaged)
solution of (2.1) with time steps of size ~ 0.1 and consequently only a total
of 10% time steps.

3. TAKING AVERAGES TO OBTAIN THE REDUCED MODEL

Having realized that point-wise resolution of the fast time scales of the
exact solution u of (1.1) may sometimes be computationally very expensive
or even impossible, we seek instead to compute a time average @ of u, defined
by

1 T/2

(3.1) u(t) = 7/ u(t+s)ds, te[r/2,T—1/2],
T J-7/2

where 7 > 0 is the size of the average. The average @ can be extended to

[0,T] in various ways. We consider here a constant extension, i.e., we let

u(t) = u(r/2) for t € [0,7/2), and let u(t) = @(T —7/2) for t € (T —71/2,T].
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My

FIGURE 1. A simple mechanical system with large time scale
~ 1 and small time scale ~ 1/./k.

We now seek a dynamical system satisfied by the average @ by taking the
average of (1.1). We obtain

u(t) =u(t) = fu,)(t) = f(a(t),t) + (f (u,)(t) = f(a(t), 1)),

(32) a(t) = f(a(t),t) +g(u,t),

where the variance g(u,t) = f(u,-)(t) — f(@(t),t) accounts for the effect of
small scales on time scales larger than 7. (Note that we may extend (3.2)
to (0,77 by defining g(u,t) = — f(a(t),t) on (0,7/2) U (T —7/2,T].)

We now seek to model the variance g(u,t) in the form g(u,t) = g(u(t),t)
and replace (3.2) and thus (1.1) by

i(t) = f(a(t),t) + g(a(t),t), te (0,7,

(33) U(O) = ug,

where @y = 4(0) = u(7/2). We refer to this system as the reduced model
with subgrid model § corresponding to (1.1).

To summarize, if the solution u of the full dynamical system (1.1) is
computationally unresolvable, we aim at computing the average @ of wu.
However, since the variance g in the averaged dynamical system (3.2) is
unknown, we need to solve the reduced model (3.3) for @ ~ @ with an
approximate subgrid model § ~ g. Solving the reduced model (3.3) using
e.g. a Galerkin finite element method, we obtain an approximate solution
U ~ @ ~ u. Note that we may not expect U to be close to u point-wise in
time, while we hope that U is close to @ point-wise.
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4. MODELING THE VARIANCE

There are two basic approaches to the modeling of the variance g(u,t)
in the form §(a(t),t); (i) scale-extrapolation or (ii) local resolution. In (i),
a sequence of solutions is computed with increasingly fine resolution, but
without resolving the fastest time scales. A model for the effects of the fast
unresolvable scales is then determined by extrapolation from the sequence
of computed solutions, see e.g. [3]. In (ii), the approach followed below, the
solution u is computed accurately over a short time period, resolving the
fastest time scales. The reduced model is then obtained by computing the
variance

(4.1) g(u, t) = f(u,-)(t) — f(u(t),t)
and then determining ¢ for the remainder of the time interval such that
g(a(t),t) ~ g(u,t).

For the simple model problem (2.1), which we can write in the form (1.1)
by introducing the two new variables ug = 41 and uyq = 9 with

Fu,-) = (us, g, —uy + ud/2, —rus),

we note that @y ~ 0 (for \/k7 large) while 7_7% ~ 1/2. By the linearity of fi,
f2, and f4, the (approximate) reduced model takes the form

Gy +i —1/4=0 on (0,77,
(4.2) tig 4+ Kkiz =0 on (0,7],
(0) = (0,0), a(0) = (0,0),

with solution @(t) = ($(1 — cost),0).

In general, the reduced model is constructed with subgrid model § varying
on resolvable time scales. In the simplest case, it is enough to model § with
a constant and repeatedly checking the validity of the model by comparing
the reduced model (3.3) with the full model (1.1) in a short time simulation.
Another possibility is to use a piecewise polynomial representation for the
subgrid model g.

5. SOLVING THE REDUCED SYSTEM

Although the presence of small scales has been decreased in the reduced
system (3.3), the small scale variation may still be present. This is not
evident in the reduced system (4.2) for the simple model problem (2.1),
where we made the approximation u3(0) = 0. In practice, however, we
compute Gz(0) = L [Fug(t)dt = L [ cos(y/kt)dt ~ 1/(y/k7) and so i
oscillates at the fast time scale 1/y/k with amplitude 1/(y/s7).

To remove these oscillations, the reduced system needs to be stabilized
by introducing damping of high frequencies. Following the general approach
presented in [5], a least squares stabilization is added in the Galerkin formu-
lation of the reduced system (3.3) in the form of a modified test function.
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As a result, damping is introduced for high frequencies without affecting low
frequencies.

Alternatively, components such as ug in (4.2) may be inactivated, corre-
sponding to a subgrid model of the form go(@,-) = —fo(@,-). We take this
simple approach for the example problems presented below.

6. ERROR ANALYSIS

The validity of a proposed subgrid model may be checked a posteriori.
To analyze the modeling error introduced by approximating the variance g
with the subgrid model g, we introduce the dual problem

—¢(t) = uUt)Tab(tL te0,1),

(6.1)
o(T) =

where J denotes the Jacobian of the right-hand side of the dynamical system

(1.1) evaluated at a mean value of the average @ and the computed numerical

(finite element) solution U ~ @ of the reduced system (3.3),

(6.2) J(u,U,t) / (5u(t (1—-s)U(t),t)ds,

and where 1) is initial data for the backward dual problem.
To estimate the error € = U — @ at final time, we note that €(0) = 0 and
¢+ J(@,U,)T¢ =0, and write

T .
(e(T), ) = (e(T), ¥) - /0 (64 J(@,U.) T 6,6) dt
T . T . .
= [(we-saa= [ 00—+ f@ )
0 0
T T
- / (6,0 — F(U,) — (U, ) dt + / (6,5(U,) - glu, ) dt
0 JO
T T
- [(@.rwdr+ [ 6.3 - gtu )t
JO JO

The first term, fOT(¢, ]é(U, -))dt, in this error representation corresponds
to the discretization error U — @ for the numerical solution of (3.3). If a
Galerkin finite element method is used (see [1, 2]), the Galerkin orthogonality
expressing the orthogonality of the residual R(U,-) = U — f(U,-) — §(U, -)
to a space of test functions can be used to subtract a test space interpolant
¢ of the dual solution ¢. In the simplest case of the ¢G(1) method for a
partition of the interval (0,77 into M subintervals I; = (tj_1,t;], each of
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length k; = t; —t;_1, we subtract a piecewise constant interpolant to obtain

T 5 T -
[ @k de= [ 0-no R )a
o 0
M B o
< k;max |R(U, )i, [ |6, dt
< st(r) max [ER(U, )l

where the stability factor SU(T) = foT |é]li, dt measures the sensitivity to
discretization errors for the given output quantity (e(7"), ).

The second term, fOT(qb,g(U, ) — g(u,-))dt, in the error representation
corresponds to the modeling error @ — . Thc bons1t1v1ty to modeling errors
is measured by the stability factor SI(T jo [l#]l1, dt. We notice in
particular that if the stability factor S (T) is of moderate size, a reduced
model of the form (3.3) for @ ~ @ may be constructed.

We thus obtain the error estimate
(6.3)

(&(D), ¥)| < SUUT) max KR,y + SUT) max 13U, ) = g, e

including both discretization and modeling errors. The initial data v for
the dual problem (6.1) is chosen to reflect the desired output quantity, e.g.
1 =(1,0,...,0) to measure the error in the first component of U.

To estimate the modeling error, we need to estimate the quantity § — g.
This estimate is obtained by repeatedly solving the full dynamical system
(1.1) at a number of control points and comparing the subgrid model § with
the computed variance g. As initial data for the full system at a control
point, we take the computed solution U = @ at the control point and add
a perturbation of appropriate size, with the size of the perturbation chosen
to reflect the initial oscillation at the fastest time scale.

7. NUMERICAL RESULTS

We present numerical results for two model problems, including the simple
model problem (2.1), computed with DOLFIN version 0.4.10 [4]. With the
option automatic modeling set, DOLFIN automatically creates the reduced
model (3.3) for a given dynamical system of the form (1.1) by resolving
the full system in a short time simulation and then determining a constant
subgrid model g. Components with constant average, such as ug in (2.1),
are automatically marked as inactive and are kept constant throughout the
simulation. The automatic modeling implemented in DOLFIN is rudimen-
tary and many improvements are possible, but it represents a first attempt
at the automation of modeling, following the directions for the automation
of computational mathematical modeling presented in [7].
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7.1. The simple model problem. The solution for the two components
of the simple model problem (2.1) is shown in Figure 2 for x = 10'® and
7 =107, The value of the subgrid model g is automatically determined
to 0.2495 ~ 1/4.

7.2. A lattice with internal vibrations. The second example is a lattice
consisting of a set of p? large and (p — 1)? small point masses connected by
springs of equal stiffness k = 1, as shown in Figure 3 and Figure 4. Each
large point mass is of size M = 100 and each small point mass is of size
m = 10712, giving a large time scale of size ~ 10 and a small time scale of
size ~ 1076.

The fast oscillations of the small point masses make the initially stationary
structure of large point masses contract. Without resolving the fast time
scales and ignoring the subgrid model, the distance D between the lower
left large point mass at = (0,0) and the upper right large point mass at
2z = (1,1) remains constant, D = V2. In Figure 5, we show the computed
solution with 7 = 10™%, which manages to correctly capture the oscillation
in the diameter D of the lattice as a consequence of the internal vibrations
at time scale 1076,

With a constant subgrid model g as in the example, the reduced model
stays accurate until the configuration of the lattice has changed sufficiently.
When the change becomes too large, the reduced model can no longer give
an accurate representation of the full system, as shown in Figure 6. At this
point, the reduced model needs to be reconstructed in a new short time
simulation.
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FIGURE 2. The solution of the simple model problem (2.1)
on [0,100] (above) and on [0,4-1077] (below). The automatic

modeling is activated at time t = 27 =2-1077.
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FIGURE 3. Detail of the lattice. The arrows indicate the
direction of vibration perpendicular to the springs connecting
the small mass to the large masses.
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FIGURE 4. Lattice consisting of p? large masses and (p — 1)

small masses.
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FIGURE 5. Distance D between the lower left large mass
and the upper right large mass (above) and the distance d
between the lower left large mass and the lower left small
mass (below) as function of time on [0, 10] and on [0,4-1074],
respectively.
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FIGURE 6. The diameter D of the lattice as function of time
on [0,20] (left) and on [0,100] (right) for m = 10~* and
7 = 1. The solid line represents the diameter for the solution
of the reduced system (3.3) and the dashed line represents
the solution of the full system (1.1).
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