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HETEROGENEOUS MULTISCALE METHODS
FOR STIFF ORDINARY DIFFERENTIAL EQUATIONS

BJORN ENGQUIST AND YEN-HSI TSAI

ABSTRACT. The heterogeneous multiscale methods (HMM) is a general frame-
work for the numerical approximation of multiscale problems. It is here devel-
oped for ordinary differential equations containing different time scales. Sta-
bility and convergence results for the proposed HMM methods are presented
together with numerical tests. The analysis covers some existing methods and
the new algorithms that are based on higher-order estimates of the effective
force by kernels satisfying certain moment conditions and regularity proper-
ties. These new methods have superior computational complexity compared
to traditional methods for stiff problems with oscillatory solutions.

1. INTRODUCTION

We consider stiff ordinary differential equations (ODEs)
du,

1.1 . — Je eat )
(11) e = fulwet)
where u, : Rt — R, and assume that the eigenvalues )\Ej )(t) of the Jacobian of f.
satisfy the following conditions for ¢ > 0: 1) Re)\gj) < (4, 1 < j <d; 2) there is
ko > 1 such that |AY| < G, for 1 < j < ko < d and C5 < e[]\Y| < Oy, for ko <
j < d; here Cy Cy, Cs, and Cy are constants; 3) min;, ;, A7 (1) =AY (1) > p > 0,
J1 < ko and ja > ko.

A linear equation of this sort can be written as

due
= Aty + (1),

(1.2)

where 1y
aw=sa (90 40, )5,

S, 571, AT and A!! are bounded independent of €, |o(Al)| > § > 0, Re(o(Al)) <0,
and |d¢/dt| is bounded independent of e.
We will also consider the nonlinear model system u(t) = (z(t), y(¢)) that takes

the form:
(13) { E.i = fI(x’yvt),

y = fII(xvyat)v
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1708 BJORN ENGQUIST AND YEN-HSI TSAI

where f and f!! are smooth functions. We call y the slow variable of the system.

1.1. Description of methods. The numerical methods that we shall discuss in
this paper are devised under the HMM (Heterogeneous Multiscale Methods) frame-
work [6]. We first present the general structure of the proposed methods and then
relate them to other existing work.

Assume that there exists an “effective” system

(1.4) %U = f(U,t),

that is derived from (LI)) as e converges to 0, such that the partial derivatives
of f are bounded independent of e. Our methods construct solutions to (I4) by
evaluating the right-hand side of (I4]) “on the fly” via numerical solutions to (LTJ).
The explicit form of f is not used in the algorithm, and the precise definition for
(T4) may depend on the explicit forms of (1) and on different applications.

For example, in the linear constant coefficient cases of (L2, if

AI(‘OO‘ Z%),wo,ﬂeR\{O},

and

AII =+,
then
0 0 0 0
000 |S'+S(|o0
0 0 ~ 0

In nonlinear examples, the “effective” equations may come from averaging [I],
[2]. In the examples discussed in this paper, U has the same dimension as wu.,
and its components are the strong or weak limits of those of u.. In more general
settings, U does not have to be in the same space as u..

A generic HMM method is described by the scheme (macro-solver) used to solve
(T3) for U, and another scheme (micro-solver) used to solve (1)) for evaluating
the missing data; i.e., the effective force f. This structure is best illustrated by
Figure [Tk the upper directed axis represents the grid imposed by the macro-
solver to hold the values of U, and the lower axis contains the finer grids on which
the solutions of (II]) are constructed by the micro-solver, with initial conditions
Ue n(tn) determined from the grid values of U. The downward pointing arrows
symbolize the determination of u, , (t,) from U at ¢,,. The upward pointing arrows
relate the evaluation of f to the time history of microscale variables u. ,(t) and the
forces fc(ue,n(t)) that are obtained from each micro-grid on the bottom axes. This
evaluation is accomplished through averaging with a compactly supported kernel
K. We present the theory of kernels in Section 2.

A basic algorithm can be summarized by the following steps:

0 0
f=S9 0 0 | S a(t).
0 1

(1) Force estimation:
(a) At T =t,, up =U"
(b) Solve

du
d_ﬁtﬂl = fe(ue,'rut); us,n(tn) = Uo,

for t € [t tn +1n].
(c¢) Averaging: f(tn) ~ f(tn) = K * fe(uen)-
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HETEROGENEOUS MULTISCALE METHODS 1709
T=t, Step 2 T=t,,,

1(c)

1(a)

|
1

T=t, t, 41

FIGURE 1.1. A basic HMM ode solver schematics

(2) Evolve the macro variables: compute U™ at T' = t,,11 using {U7}"_, and
{f(t5) )=
(3) Repeat.
As an example, a generic HMM multistep method can be arranged in the following
form:

(1.5) agU"+a1U™ "+ 4a U™ % = H(bo f(U™) b1 f (U™ ) 4+ -+ bp f(U™F)),
where f is computed by

2m
(1.6) FU™ tn) = hK (tn,t;) fe(S" (tn, ) U™, 1),

=0

where tJ = t, + jh, and S"(tg,t1) is the discrete solution operator defined by the
micro-solver. Here, as well as in the remainder of this paper, we use H and h for
the discrete time steps used in the macro- and micro-grid respectively.

In Sections 2 and 3, we will see that an HMM scheme can be analyzed system-
atically by examining the evaluations of the scheme on the macroscale grid

du

— = f(U,¢t).

= [0,

The local error of the macroscale scheme contains the local truncation error of the
macro-solver (Step 2) and the numerical and analytical errors of Step 1, i.e., the

local error E = Epacro + Egnin, where
Eamnt = (U t,) — H(fe, U™ 1),

and H(f., U™, t,) denotes Step 1 of the algorithm. At the end of Section 3, we will
show the complexity of an HMM scheme through balancing &,,4cro and Egaras-
We call a method HMM-X-y if X-method is used in Step 2 and y-method is
used in Step 1(b). Therefore, HMM-FE-rk4 is a method that uses forward Euler as
macro-solver and a fourth-order Runge-Kutta method for micro-solver. In Section
3, we will present a few standard HMM schemes and discuss their stability in detail.

1.2. Generalizations. We notice from the basic algorithm above that f is ap-
proximated at ¢,, which is the beginning time of each fine scale calculation in Step
1(b). In Section 2, we show that it is possible to select a kernel K so that f is
approximated at time t, + dt,. This is a key feature of our proposed algorithm. In
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1710 BJORN ENGQUIST AND YEN-HSI TSAI

many examples of this paper, we choose a kernel that is symmetric with respect
to the center of its support and use dt, = 7/2. The algorithm of [I1] is similar
to the case in which the Dirac delta function is used as the averaging kernel and
f is evaluated at t, + 7. We remind the reader that 7 denotes the length of each
evolution performed in Step 1(b).

Here, we present a more complete algorithmic description below:

(1) Force estimation:
(a) Reconstruction: at T' = t,,, ug = RU".
(b) Solve
die p,
dt = fe(ue,nat)a Ue,n(tn) = Uo,

for t € [ty,tn + 1.
(¢) Averaging:
(i) Estimate force:

F(tn 4 0ts) ~ ftn +0t.) = K * fo(tuen).

(ii) Compression:

U* = Q[ue,n]~
(2) Evolve the macro variables: compute U"*! at T' = t,,,1 using {U7

{F(ta)}1_y and U*, f(t,, + ot.).
(3) Repeat.

Notice that Step 1(a) and Step 1(c) are changed a bit from the previous section. In
this paper, the reconstruction operator R will be taken to be the identity operator,
i.e. RU™ = U™, and the compression Q[uern] = ten(t, +0ts). In [32], we apply the
HMM ODE methods to a class of specific problems for which R is no longer the
identity operator.

There is a benefit in evaluating f at the center of each microscopic evaluation;
it makes it possible to use a symmetric kernel that typically yields more accurate
approximations to the averages. In many problems, such as the ones involving
Hamiltonian systems, it is possible to evolve the given microscopic equation back-
ward in time. In Step 1(b), one can instead obtain uc, in [t, —n/2,t, + n/2] and
compute f at T = t,,. Figure illustrates the structure of two such schemes.

In the rest of this paper, we will refer to the steps of the algorithms described in
this subsection.

n
=0

—_— N

| I |
\ ! !
Step 1(c) \ / Step 1(c)

| | [EREEERRRTEY Tl I I
| T RARARRRRRARN l \‘ T
T=t, tytn ty M2 T=t, /2

(a) (b)

FIGURE 1.2. HMM ode solver schematics.
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HETEROGENEOUS MULTISCALE METHODS 1711

1.3. Related work. A detailed review of numerical methods for stiff problems can
be found in the books of Wanner et al [13, [14], and in a review paper [29].
There are essentially two types of stiff problems for which the solutions vary

on the e time scale ()\gj) = O(e1)): one is dissipative with rapid transients

(Re)\gj ) < 0) and the other is oscillatory in nature (Re)\gj ) = 0). There are two
standard approaches to such problems — numerical approximations and analytic
techniques. Analytical techniques, such as perturbation and homogenization meth-
ods, typically require extensive algebraic manipulations and suffer from a limited
applicability. Our focus will be on numerical approximation methods to which the
main challenges come from the cost associated with maintaining the accuracy and
stability of the approximation schemes for a time interval independent of €. In
the following, we first briefly review the common methods related to each type of
problem and compare their computational complexities to that of HMM methods.
Finally, we comment on some other approaches that are not easily categorized.

Problems in the first class (Re)éj ) < 0) include, for example, chemical reactions
systems. Implicit methods, such as BDF (backward difference formula) and IRK
(implicit Runge-Kutta), are among the conventional choice of numerical solutions.
There are also special explicit methods with variable step sizes that are designed
to optimize the computation for special types of problems. In [2I], Lebedev and
Finogenov proposed an iterative method with variable time steps for dissipative
systems whose eigenvalues cannot be separated into disjoint groups of different
scales. Similar methods can also be found in, e.g., [4] and recently in [I1] by Gear
and Kevrekidis for stiff dissipative systems whose eigenvalues are well separated
into two groups. The latter is called the projective integrator method and has been
a source of inspiration for part of our present work.

Many problems in atmospheric science [17], molecular dynamics, biology, celes-
tial mechanics, and circuit simulations fall into the oscillatory class. The complexity
of explicit methods such as the Runge-Kutta or Leapfrog methods requires a step
size of order e for stability. Hence computing a solution of ([ILI)) to the final time
T, requires at least order e~! operations. Implicit methods such as IRK or BDF
can achieve optimal complexity for stiff dissipative problems since the e order step
sizes are only required at transients. However, when these methods are applied to
oscillatory problems, typically convergence requires O(e~1) time steps.

The methods developed in this paper offer solutions to the oscillatory problems
as well as the dissipative ones. The gain in computational complexity emerges when
the cost of evaluating f (i.e., the total time duration for each micro-evolution at
the lower axes in Figure [[T)) is bounded above by Ce™® for some o < 1. We first
notice that, structurally, our proposed algorithms share similarities to the multi-
revolutionary methods [10, 12l 24], or the quasi-envelope method [28]. In these
methods, f is estimated by following the oscillations for a few periods. However,
these methods are not adequate for problems with unknown periodicity of oscil-
lations that consist of more than one frequency. We shall see in this paper that
the proposed methods do not require precise information of the periodicities of
oscillations, but nevertheless give accurate estimation of f. This comes from our
time-averaging approach with smooth kernels.

The idea of averaging of the forces or the solutions is closely related to some
perturbation techniques; see, e.g., [I} 2]. Computationally, averaging approaches
appeared in many places, e.g., in [27, [34] and [25, [26], and recently in [9] and [22].
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1712 BJORN ENGQUIST AND YEN-HSI TSAI

We present an averaging theory that includes the known moment conditions and
some additional “stiffness reducing” properties of the kernels that result in efficient
computations. In this paper, we develop a theory for which kernels should be used
in the evaluation of f, and how long and how accurate each microscale evolution
should be for a given class of equations, so that the proposed methods become
more computationally efficient and flexible than the other conventional ones. We
study the stability, convergence and complexity of our algorithms. Typically, the
computational complexity for an HMM scheme is O(e"?H ') where v < 1 and H
is the step size for the macroscale variable U.

The HMM technique can also be related to the operator splitting schemes used
in meteorology [3] or to the mollified impulse scheme for Hamiltonian dynamics [9].
Some might even find a resemblance to the multirate methods, e.g. [10] and [22].
However, in these methods, the stiffness that comes from the large eigenvalues is still
resolved in time intervals independent of €, and thus their computational complexity
is still formally O(e~1). We point out, however, that some of these methods could
be adopted as micro-solvers under our proposed methods in appropriate contexts.

Recently, Iserles [I5] analyzed the accumulation of global error and showed that
a class of “modified Magnus methods” permits larger time steps and exhibits good
long-term behavior for a class of highly oscillatory linear systems. There are also
methods that prepare the initial data such that the effect of the stiffness will not
appear in the solutions. Kreiss wrote a series of papers on stiff ODE systems;
see [I8 19, 20]. These results can be summarized by the “bounded derivative
principle”. However, in many common situations, initial values are given and the
bounded derivative principle cannot be applied.

In the context of solving systems with the unique invariant manifold, the HMM
schemes prepare the initial data naturally as a passive calculation to the effective
force estimation. It is also clear that the method of [II] can also be interpreted
as a scheme that benefits from the bounded derivative principle by following the
transients to project onto the slow manifold.

Finally, for certain classes of singularly perturbed systems, hybrid analytic/
numerical methods [30, BI] and [33] have been proposed using related techniques.
In these methods, an asymptotic expansion in the orders of € is generated so that
each coeflicient is the sum of a slowly-varying function and an oscillating one. The
oscillating part is solved analytically for efficiency.

We point out that our averaging approach is not directly applicable to stochastic
equations. Instead, multiple realizations might be used to speed up the convergence.
We refer the readers to the work of [8] 23] and [7]. There is also a related paper on
the analysis of heterogeneous multiscale methods for ODEs by Weinan E [5]. We
should also point out here that one can generalize the HMM construct to systems
with more than one scale. However, we will restrict our attention to systems with
two scales in this paper.

The rest of this paper is structured as follows. In Section 2, we describe the
framework of our proposed methods, including the theory related to using com-
pactly supported kernels for effective force estimation. In Section 3, we start with
a stability analysis of the simplest HMM ODE schemes for stiff dissipative and
oscillatory problems. This is followed by a more detailed exposition of two major
types of higher-order variants of the simple HMM ODE schemes, namely, the ones
that are built from Runge-Kutta methods and those from linear multistep methods.
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HETEROGENEOUS MULTISCALE METHODS 1713

Section 4 contains numerical results of some model problems. These numerical re-
sults confirm the theoretical results that we obtained in Sections 2 and 3. Finally, in
the last section, we summarize this paper and also discuss some additional aspects
of our methods.

2. APPROXIMATION OF EFFECTIVE FORCE

2.1. Estimation of the effective force. After Step 1(b), e, is a known func-
tion, and so we simplify our notation on the forces in this section by writing f.(¢)
instead of fe(ucn(t),t).

In our formulation, we need to estimate the effective force locally at a point
using the microscale data (Step 1(b)-(d)). Motivated by the analytic averaging
techniques, see e.g. [l 2], we hypothesize that the effective force of a system of
interest can be defined by

f(t) = lim0 [lim ! " fE(T)dTl .

S— e—0 (5 t
We assume that f is slowly varying in the sense that
dar _
G

for some constant C independent of e. Our goal in this section is to show that
time averaging using a kernel K%, defined below, with 7 =n(e) — 0 as e — 0
converges to f :

(2.1) KPOs fo= KPP (f 4 ge(t)) — f as e — 0.

(B <C for0<p<s

In many situations, fe or g. assumes special forms such as fc(t) = fe(t,t/€) that
are periodic in the second variable. For example,

du,

dt

= fe(uevt) = é)‘ue + ¢(t)

has solution

L t P
u(t) = € A’5(uo—|—/ e A (s)ds).
0

The force f(t) = fe(u,t) = LAuc + ¢(t) is of the form f(t,t/€). In this case, we
define

ﬂﬂ=£f@®%
and
9e(t) = g(t, ) = J. = ().

In this part of the paper, we show (2] in the cases that g. vanishes exponentially
or oscillates at frequencies proportional to e~ 1.
We will use KP9 to denote the kernel space discussed in this paper. K € KP4(T)

it K € C4(R) with supp(K) =1, and

1 = 0;
/K(t)t’“dt e
R 0, 1<r<np.
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1714 BJORN ENGQUIST AND YEN-HSI TSAI

Furthermore, we will use K, (t) to denote the scaling of K:

1 1
K,(t) = —K(-).
! noon
For convenience, we will also use K?-? to denote a function in KP9(T).
In the following proofs, we assume that supp(K) = [—1, 1]. However, it is clear

that the proofs are also valid for the other case.

Notation 2.1. We use the notation f[*! (t) for the s*" order integral of f from 0 with
a constant that is specified from case to case:

t
gkl(t) = / g N(y)dy + Cs.
0

Also, we will use f(*)(t) to denote d* f/dt*. In particular, fIO(t) = fO(t) = f(t).
The following well-known results show that with suitable kernels, the K x f
approximate f well.

Lemma 2.2. The following are well-known results.
(1) For any f € W>P(R), K € K*9,

) ‘Kn * f(t) _ f(t)| < Cfnmax(p,s+1).
(2) Let g € C(R). Then for any K € KP?, € > 0,
)

€
(K x g(-/€)] < (5)qllg[q]lloo|\Kllw1,q-

(3) If |g(to, t)| < goexp(to—t) forto <t < T, then for any K € KP4([—1,0])N
C4([-1,—=Co)) for some 0 <y < 1, then

q
€
1K, * glto, -J)(to)| < Co (5) e~/ K| [yyva.

(4) If g € C(R) such that g(t + o) = g(t), [ g(t)dt =0, for some oo > 0 and
lg(t)] < C for all 0 < € < €, then for any K € KP? and € > 0,

Ky % g(/)(0)] < € af (;) 1l

(2.2

(2.3

Proof. We omit the first two well known facts.
(3) Define gV (to, 1) = i 9= (to, 7)dr for j =1,2,3,.... Then [g(to,t/e)l]] <
go€’ exp(to — t/e) for tg < s/e < T. Hence, by (2 ) we have the desired estimate.
(4) Define gll(t) = fot gi=(s)ds —at [} f gV =Y(s)dsdt, for j = 1,2,3,.
We have that glil(t + a) — gll(t) = 0 is a periodic functlon with zero average and

since
_1/ / s)dsdt — o~ / / s)dsdt]
at / / dsdt’

by induction, we have | gm (t)| < o’ C. Hence, induction by parts yields the desired
estimate. (]

gMw)| =

<
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HETEROGENEOUS MULTISCALE METHODS 1715

We first investigate the dissipative case for which we average with a nonsymmet-
ric kernel in K?9([—1,0]). The following theorem shows that this approach lessens
the stiffness.

Theorem 2.3. Let f.(t) = f(t) + g(to,t/€), where |g(to,s)| < Coexp(ty — s) for
0<t<T. For any K € KP9([—1,0]) N C4([—1, —Co]) for some 0 < (o < 1, then
there exist constants Cyand Cs, independent of € and n, such that

q
B =K+ £.(t) — F(t)] < Cunf? + C (n) &S| K|y

In the rest of this section, we concentrate on the oscillatory case.

Lemma 2.4. If g(t,s) = a(t)b(s), where b(s + «) = b(s), fs+a b(t)dr = 0, for
some a > 0, and a € C9(R) and ||a'? || < M, then for any K € KP4,

€ T
[y g(-1+/) ()] < Cat(5)* max (a6 v

Proof. Let K,(t,s) = n~'K((t—s)/n)a(s). Then K(-,s) € C4(R) and has the same
support as K. We apply integration by parts by treating K as our new kernel:

Ky w0 = | [ Roltospis/ends| < et [ R0 sp0(5/0)|d

Here, b9 are constructed in the same way as gl9 in the proof for item (4) in Lemma
Assuming that n < 1,

01 - /"<q)11 t—5. (4
—K,(t,s)|ds = Y KM Z2Ya@ ) ()| ds
[ |5t S (1) raKt )
C
< EH“HW‘”*‘?HK”WLG-
||l9]]| o is bounded the same way as in Lemma The estimate follows. O

Theorem 2.5. Let f(t,s) be a 1-periodic function in the second variable whose
derivative 0" f(t,s)/0t" is continuous and bounded by Cy forr =0,...,0+1, and
o > 0. Denote f(t) = f(t, t/e) and define

= /01 f(t,s)ds

and

Then for any K € KP4,

= €
Ky (fe— ) = ClHKHWw(%)q + Con”

Proof Note that fo (t,s)ds = fo f(t)ds = 0 and a,cg(t s+1) =

atkg(t,s) for k=0,1,...,0. Define, for each k=1,2,...

o o
59 (¢, ):/0 59" tsds—/ / 8tkg“ U(t, s)dsdr,

for j =1,2,3,.... Then |%gm (t,s)] < Cf due to the periodicity of %g(t, s) in s.
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1716 BJORN ENGQUIST AND YEN-HSI TSAI

Grouping the Taylor expansion of g(t,s), K, * g(-, z)(t) can be written as the
sum of Iy + Is, where

t+" tfs —s)k oF s
L= Z / k! ger It s

and

t+n t _ S 5)0 ag+1 s
/t /s o! ato-+1 9(57 E)d«fds

Then, by Lemma 2.4]

- [e\? ok 7k
|| < Cy ; Or<nkax bupsup\ t’fg (t SIK || wia o
k=1
and
- (n)°+! ‘ o+t
o] < Co D supsup | S (0,) 1€

Hence, we can find C; and C5 such that
Ky (fe = N(t) = CLl|K||wr. q( )7+ Con”™

O

Remark 2.6. If f.(t) = f(t,a(t)/e), f(t,s) periodic in s, and 0 < Cy < |d/(t)| < Cs,
we can obtain similar bounds by the above procedures.

Hence, we have the estimate for the oscillatory case:

Theorem 2.7. Let f.(t) = f(t,t/¢), where f(t,s) is 1-periodic in the second vari-
able and 0" f(t,s)/0t" is continuous for r =0,...,p— 1. For any K € KP9 there
exists constants Crand Ca, independent of € and 1, such that

— Ky % fo(t) = f(D)] < CufP + @(%)‘1.

Furthermore, the error is minimized if n is chosen to scale with 1/ (P+a),

In the scheme illustrated by Figure [Tl a nonsymmetric kernel should be used
to evaluate f at the beginning of each microscale evolution. The subfigures (a) and
(b) in Figure [ZT] show the graph of such a kernel. On the contrary, in the schemes
in Figure [[L2] one can use a symmetric kernel to estimate f at the center of the
time interval of each microscale evolution. A typical symmetric kernel is shown in
the subfigure (c) of Figure 2l Most of the numerical examples of this paper are
obtained from using the exponential kernel K € K1>°([—1,1]) :

(2.4) KP(t) = Coxj-1,1)(t) exp(5/(t* — 1)),
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FIGURE 2.1. (a) An example of an asymmetric kernel in
K23([-1,0]). (b) A shifted kernel in K12([—1,0]) for dissipative
systems. (c) An example of a symmetric kernel in K%3([—1,1]).

with Cp adjusted so that |[K{“*P||;1g) = 1. Another commonly used kernel is

K3(t) = %X[—l,l] (t)(1 + cos(mt)).

Figure demonstrates the residuals of using K;'{" and K% for averaging y,, =
cos(tn/€), t, = n*2me/11.
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&

107 DU N LT

10

10°

FIGURE 2.2. Averaging y,, = cos(t,/€), t, = nx2me/11,0 < t,, <
n. The horizontal axis is 1/e. The circled data points are averages
obtained by K" with respect to different €’s, and crosses represent
data points obtained by using K§%. The line without crosses or
circles is the graph of Ce for some C, adjusted so that the line
lies in its current location. The dashed line indicates second-order
accuracy with respect to 7.

3. ANALYSIS OF THE HMM SCHEMES

In the previous section, we presented the building blocks of an HMM scheme
and the theory of averaging using a special class of kernels. In this section, we show
various properties of the HMM schemes, including convergence.

We have to define what we mean by convergence such that it makes sense for very
stiff problems (¢ < H). For a given € > 0, all well-known methods will converge as
the stepsize H — 0 and there is no difference between stiff and nonstiff problems.
Therefore, we define the limiting error E:

E=max(lim ( sup |U(t,)—U"])),
n H—=0 gcecen(H)

with ¢, =nH, eg(H)/H — 0as H — 0.

We commence with linear systems. We remind the readers that in many of
the dissipative cases analyzed below, since the reconstruction operator R and the
compression operator () are the identities, there is no difference in u. and U after
the transient. Thus we will use u. , to denote the approximation of u. (and hence
U) at t,. So in the following presentation, our notation will reflect this fact.

3.1. Linear systems. We first discuss the properties of the HMM schemes for

linear constant coefficient equations; i.e., A(t) is a constant matrix A in (2.
The HMM operations for force evaluation in combination with the Runge-Kutta

schemes or Linear Multisteps schemes commute with the diagonalizer S and S~1.
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Take an HMM-LMM-rk scheme for example, and for simplicity, assume that ¢(t) =
0 in ([L2). The force evaluation at t,, is

2m
FO" ) = > K (tn, t;)(I + p(hAd)) ucn
=0
2m
S " BE (tn, t;) (I + p(hAd) S~ e .
j=0

With w" = S’lusjn, and W" representing the macro variable (as U to ue ), the
original system is equivalent to w’ = Acw = g.(w), and the force evaluation can be
rewritten as

2m
FO" ty) = 8> hK (tn, ;) (I + p(hA)) w™ = SGW™, t,).
j=0
Therefore, the HMM-LMM-rk scheme takes the form
E 4 E
D> apSWrTI =HY biSgwrhHwrh.
j=0 1=0

With the assumption that S is independent of €, the HMM solution for W is then
equivalent to S~'U. Hence, it suffices to investigate the stability and convergence
issues by looking at the fully diagonalized system

due _

AG) .
ar e e

for every )\Ej ) is an eigenvalue of A..
We present the stability and convergence properties of some basic HMM schemes
built upon Runge-Kutta or Linear Multistep Methods.

3.1.1. Dissipative systems. We consider the case where )\EJ ) < 0 and the stiff com-
ponents decay with exponential factors in the € scale; i.e., the solution is attracted
to the invariant manifold in the e time scale. The bounded derivative principle [20]
applies to this case, and one can prepare the initial data so that the fast scale is
never excited. To prepare the initial data, one can simply evolve the solution u. for
a small time duration 7 so that u. is sufficiently close to or on the invariant manifold.
Thus for the one-step HMM method, one can set t, = n in Step 1 of the Algorithm
presented in Section 2, and simply take the values of f(t,+n) = fe(uc(tp,+n), tn+n);
i.e., the kernel K is the Dirac-d function concentrated at 1. Notice that one-step
methods are particularly convenient for these problems, since U (t,,+1) = ue(t,+n),
and the solution wu. is actually also obtained at tﬁv =to+k(n+H)+1h, 0<I1<p,
with = mh. Hence, we will present the following theorems only in u. instead of
switching between U and u..

When a linear multistep method is adopted as the macro-solver, uc(tg) cannot
be used directly as the initial values. Instead, one should prepare the initial value
by Que = K * uc(to), with K € K24 depicted in Figure 2.Yb).

The following theorem shows the convergence of one-step HMM-RK-rk methods
in the original variable u..
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Theorem 3.1. Let u.(t) be the analytical solution for [L2)) with A.(t) = A, and
let uc,, be the approximation at t, computed by an HMM-RK-rk scheme:

Uent1 = (I + P(HA))T 4+ P(hA)) " Ue n, Ueo = Ue(to).

Assume that the Runge-Kutta scheme used is an s-stage, s'-order accurate scheme;
i.e., P(z) is an s-degree polynomial in z.

Then for fired H and €y, €9 < H, there is a constant Cpicro, dependent on the
micro-solver, and ng > 0 such that for n > ng,

|ue,n - ue(tn)| S HS/
if
(1) p=[1+P(h/e) <1,

(2) n=mh< H,
3)

S |1og(Cmicro + Cricro max; |H)\£j) 1) S log Crnicro max; |log H)\Ej)|
m > > s
| log p | log pl | log p

)

(4)

1 6s+s’-l—1]_]s'+leno(H—i—77)/e

h <
o Cmicro 77(65 + HS)

Proof. As we argued earlier, it suffices to show the convergence of the scheme on
the fully decoupled equations. Therefore, we prove our theorem for the case:
ul = —e tue + B(t).

Define (uc ) = (I + P(hAe)) ten, and the error EI' = uc(t, +Ih) — (uc,)!, where
tn =to +n(H +n), and E™ = Ef = uc(t,) — te,n. Then

Eftr = (I + P(=h/€)E] + 17,

where 77 is the local truncation error of the scheme at t.,. Let Qj, = (I + P(—h/e))
and Qg = (I + P(—H/¢)). Then we have

m—1
Bp, = QMBS + 3 (@)

1=0
and

E™M = (Qu)(Qn)™E™ + Efpn + R,

-1 —i- .
where E% 1 = Qu Yoo (Qn)™ ' "1r? can be considered as the local error com-

mitted by our HMM scheme at each macrostep, and R" is the local truncation
error for the step from ¢ to ¢ + H. Furthermore, let Quan = (Qm)(Qr)™ and
assume E° = 0. Then we have

(3.1) E" =3 QuatarEhanas + BY).
=0
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The local truncation errors are bounded by |r*| < C, - (h/e)* t1 exp(—(nH + nn +
Ih)/€), |R"| < Cr(H/e)* T exp(—(nH + nn)/e), and

m—1
Efarnel < 1Qull Y 1@y M7
=0
hSI_H H = 1—1_—Ih
< G e MIEINQu || Y 1QnlI™ e e

1=0
We would like to show that when h,n, and H satisfy certain conditions, ||[E" || <
H?': i.e., we need to bound

Z NQeaene " (1€ 5 araa| + [R])-
§=0
It suffices to require that [|Quarar]|* < 1, [E5 ] < HY L, and |RF| < HS+1
for 0 < k < n. However, we require, additionally, the stability conditions for the
micro-solver:
p=I1+P(=h/e)| <1,
and the HMM scheme:

I+ P(—H/e)||I + P(—h/e)|™ < 1.
A sufficient condition for |RF| < H*'*1 is

1
n(H 4+ n) > max(log C—,s' + 1) e(1+ |loge|) = ng.
R

For an s-stage Runge-Kutta method, P is a polynomial of degree s. There
is a positive constant C,,icro depending on P such that |1 + P(—H/e)] <
Cicro(1 + |H/€|®), and the condition on the number of microsteps needed is esti-

mated by
m> |10g(Cmicro + Cmicro| H/€|®) > log Crnicro s | log H/f|
- | log p| ~ |logpl |log p
€8 vl < HS T implies
hs/77 —n(H4+n)/e s'+1

|1+P(—H/e)|me " < H®* T,

leading to / /
" - 1 ests'Hlps Jrlen(HJrﬂ)/e. -
Cricro n(es + H?)

We now turn to HMM-multistep schemes. Again, we consider the model linear
system (L2)). Since effective force estimation, i.e. Step 1, commutes with matrix
multiplications, we may simply consider the scalar case f,(ue) = Acte. The effective
force f(U™) is estimated by a kernel using accurate microscale data obtained near
ty -

fU™) = AR Ky (tn — tk)((“e,n)k + O(|)‘eh|pl)-
In fact, (uen)® = U exp(A. - kh), and

FU™) = ASRhE,(t, — tE) (X FP U™ + O(AR[P)
= )‘UnA(Ka Aes m, h) + O(|>\€h|min(a7p’))7
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where « depends on the quadrature, and A(K, A, 7, h) denotes the weighted average
of exp(Ackh), 0 < kh < n. Hence, Equation (L3]) becomes

agU™ + a U 4o 4 U = NHA(K, A, n, h) (bgU™ + by U™ 4 -
+ b U™+ O(| AR (r))).
Therefore, for stability, we need the root conditions for
(ap — NHA(K, A, 1, h)bo) 2" + -+ - + (ax — NHA(K, A, n, h)by,) = 0;

i.e., |z| <1 for a non-multiple root and |z| < 1 for a multiple root. A(K, A, 7, h)
can be estimated by the results in Section 211

3.1.2. Dissipative systems with variable coefficients. We consider variable coeffi-
cient systems ([C2) with ¢(t) = 0.

Theorem 3.2. For fired H and 0 < € < g < H, the HMM-FE-fe scheme
Uenr = (1 + HA(tn + )TN + BA(ty + jh))tien
is stable if h and n satisfy

C(eo—l—éH)-(l—C'ﬁ)"- U

€ entl — 7

for some constant C. Here /\gj)(t) are the eigenvalues of A and satisfy

max |\ (t)] < Ce .
J:t€[0,T7]

Proof. To simplify our notation, we will use A, ; and S, i to denote A(t,, + kh)
and S(t, + kh), and Ay = SpxAn S, . For k <m—1,

(ten)* ™ = Spi(I + hbp k) S;, 1 Snk—1(I +hAn k1) S,y

Spo(I+hAy0)S;, 5 (ten)’.

n,0

Hence,
() | < TE_[1T 4 R 1] - T (1S53 S| - (1S ]Sol)-

We know that the columns of S, ; consist of the right eigenvectors of A,, ;. Using
the mean value theorem, we can write

Snj-1 = Snj—hBn;.
By the perturbation theory of linear operators, see e.g. [16],

TR AV AN R
Bn,j = (bl1lz) = { glllif/l(l = l2 ) nh # ’

where /\9 ) are the eigenvalues of A.(t,, + jh). Under the hypotheses on the eigen-
values,

Boy  Bao

and Bag is a (d — ko) X (d — ko) matrix of O(1), while By1, B12 and Bs; are of O(e)
and

Bk — Eilék _ 671 < IB%11 BIQ )

1151 il 1S71(Ss — e 'hBy)||
IIT — e thS 1B

< Constdh/e.
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Our chosen HMM-FE-fe scheme, in particular, can be written as
Y™ = (I + HA(tm)I2N (I + hAc(tm + §1))y0-
Now if hA(t) is always inside the regions of absolute stability for the forward

Euler scheme, i.e., hmax; e, 1] |)\£J)(t)\ = C'h/e < 1, then we have

ly™ | < Const [T+ HA(tm1)l| - (1= Ch/e)™ - TLZGH|S7 S|

~ ~ h
Const (1+CH/e)-(1—Ch/e)™ - —
€
Hence we have proved that HMM-FE-fe is stable if

A

~ ~ h™m

for all 0 < € < ¢g. O
3.1.3. Oscillatory systems. Define DV ¢; := (¢pj41—¢;)/h, D™ ¢; = (¢p; —dj_1)/h,
and the discrete semi-norm for the grid function: |[D~¢|[5 := 37" [D~¢;|h. The

following lemma shows the property of effective force estimation in a discrete setting
(this is in parallel to Lemma [22]).

Lemma 3.3. Let g; = (1+ P(ih/e))! = DTG4, Go =0 and P(z) = >0 _, c,2".
Let w={w; e R:w; =0 for j <0 or j >m}, and Cp = maxi<,<s|c,|. Then
(3.2) [ wssh] < Cyed + )™ 2D .

3=0
In particular, if w; = K(—jh/n)/n corresponds to the grid values of the kernel K,
then |D~w;| < n72||K'||cc where n =mh, and if 0 < h/e < py < 1, then

m € B
(3.3) 1> wjgihl < Gy expnhe 2/2)||K|| oo
j=0

Proof. This is an application of summation by parts. We have Z;":O wjigih =
Z;YL:O wj(Gj+1 — GJ) = _z;n:o D_ijjh. Since GnJr]_ = Gy + hg, = (Gn,1 +

hgn—l) + hgn = Z;L:() gjha GO = Oa
S - o on& o~ (14 P(ih/e))it?

With the hypothesis that 0 < h/e < 1, there is a constant C), depending only on
the polynomial P such that

|1+ P(ih/€)|™ < Cp(1 + h2e~2)m/2,
Hence we have ([8.2)). In particular, if w; = K, (—jh), then

1 (K(%) —K(W))

D w;| =
| w]| n A

< 77_2HKIHOO-

With mh =n,

m ¢ B
1> wigihl < Cpaexp(nhe 2/2)|IE ||oo-
j=0
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The following stability result is a direct consequence of the above lemma.
Theorem 3.4. Consider HMM-FE-rk methods with uniform macroscale step:
ih

€

U = (1+HY hK}(1+ P(
j=0

)Hu”,

where an = K(t"m;gh) is the discretization of the kernel used, and P(z) =
>y cuz¥ is the polynomial corresponding to the Runge-Kutta scheme. Set Crx =
maxi<,<s |cy|. For fized H, €, if h is chosen such that 0 < h/e < 1 and n = mh,
m > 2, then

Ut < eXp(CRKnHEe"h572/2)|U0|.
n

The reason that we choose m > 2 is to reflect our true algorithm. If we choose
m = 1, for example, the kernel used in our force evaluation is not resolved at all. In
fact, the boundary conditions will result in the “summation” to be zero. In a later
part of this section, we will analyze a model nonlinear problem. There, we will
estimate how far the discrete operations approximate the continuum-level HMM
operations such as convolution with a kernel.

We see that in this coarse estimate from the discrete scheme, the kernel estima-
tion lessens the amplification factor from exp(H?e=2/2) to exp(H & exp(nhe=2/2)).
(We omit the constants here for convenience.) We also remark that the same esti-
mate holds (with a different constant, of course) if a variable time step HMM-FE-rk
is used.

Theorem 3.5. HMM-LF-fe for v’ = ic tu is
ih

€

(3.4) URT = UM 4 2H Y hKG(1+
j=0

YUr.

Fiz q¢ > 0, for any given H, €, T'= nH, if n = mh < Coe'/, and h < Cre2~1/4,
then there is a constant C independent of n and h such that

\U*| < exp(Che*=T),
for1 <k <n.

Proof. Direct calculations involving summation by parts show

—(1+4ih/e)

h
ih/e

Uttt = UM 4 2HRU* Y DK,
7=0
= UM'42ehHU®> D™ K;(1+ h?e 2)//2e' 7",
j=0
where (1 + h2e=2)V/2 exp(if) = (1 + ihe ).
Let v, = Z;'n:() D~ K;(1+h*2)7/2exp(i j) and p = ehH > 0. The character-
istic roots for B4) are z = py, £ (1 + p?42,)"/? and |z| < €2?1»]. From Lemma
B3l we have |v,,| < ||K’||oo(1 4+ h%e2)™/2 /5. Therefore,

2" < exp(2oh(1 + B2 )™ 2K || T).
n
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By the hypotheses, h = Coe?~ /4, (14 h%e=2)™ < exp(nhe=?) < Cy4, and
|2|" < exp(Che'=1/aT). O

Remark 3.6. The factor €' ~1/7 in the estimate above shows the discrete averaging
effect.

3.2. Nonlinear systems. Our main focus has been to discuss the HMM technique
for stiff ODEs in general and to develop the convergence theory for linear problems.
In this section, we shall briefly consider nonlinear problems and start with a simple
class of systems. The purpose is to present examples for which it is easy to see how
HMM methods converge but for which the standard ODE methods for stiff problems
do not work. After the analysis, we shall also give numerical approximations of more
general nonlinear systems.

3.2.1. Simple analytical examples. A simple class of systems has the form

ol = fl(a,yt) =i e+ f(x,y,1),
y =y t),
with initial conditions x(0) = z¢ and y(0) = yo, and Lipschitz continuous functions
fIand fI71.
Let us first give an example for which the implicit Euler method does not con-
verge.

(3.5)

Example 3.7. Our first example to show that HMM schemes converge as € — 0 is
i =ietx zo \ (1
g=l=z> 7\ wo 0)’

. -1
T = et€ t’
y =t.

In this case, we know that the effective force of the system is

a 0
(V)
A typical HMM solution is

Xn+1 - C (%)q 61'5*17'7,,7
yntl = tn,

whose solution is

with 7, # t,,, and t,, = nH.
A typical stiff implicit method resembles the Implicit Euler scheme which will
generate the solution
2"t = (1 —iH/e)x™,
{ yn+1 — yn +H|xn+1|2.

As e — 0,

" — { ]-7 n= Oa

0,n>1,
and
y" — 0.

(z™,y™) is apparently a wrong solution.
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Notice that the trapezoidal rule works for the above example, but fails for slightly
more nonlinear examples.

i =ielz o \ _ (1
y: ‘$2_1|2 ’ mn - 0 ’

T = ei€7 t7

Y=o 027r(2 — 2cos0)df.
However, the trapezoidal rule, in the limit of € — 0, will give 2™ = 1 or —1, and
y" =0.

Example 3.8.

whose solution is

We point out here a situation in which the simple HMM constructions, though
stable, do not yield correct results.

Example 3.9. Consider (.5). Let u. = (z,y) solve (.5) with f/ =1 and z(0) =
o, and let 4, = (&, ) solve (3H) with fI(#,9,t) = & and #(0) = zo[] Note that
under the settings on f!, x(t),Z(t) is independent of y(t) and §(t).

One can write down the explicit forms of u. and .:

z(t) = et/ (xg — i) + ei,
& (t) = moetet/c.

Therefore, we know that as € — 0, both « and & converge weakly to 0 as well
as ¢1 and ¢y. Let U™ = (X™,Y") and U™ = (X", V™) denote the corresponding
macroscopic variables constructed by an HMM scheme. At a given time step, the
direct averaging strategy (Step 1, with the identity operator as the reconstruction
operator R) proposed earlier will approximate the weak limit of ¢ and ¢ and yield
in the limit X" = X" = To.

If the quantity |z| is needed in the equation for y, e.g. if f/(x,y,t) = |z|?,

then the proposed HMM schemes do not converge, since Step 1 evaluates f1(t,) =
|X"| = xg. However, fII = |2|2 = |zg|2e?.

3.2.2. Model nonlinear oscillatory example. Let ue = (x.,ye) be the solution in
te [to,Tl] for

(3. {— = Lzt (e o).

%ye = fII(xea ye)a
ie L

with initial conditions uc(tg) = ug = (7o, y0). Let z. = € ‘w.. Then (we,v)

solves the following system:

.1 .1

(3 7) %we =e ' tfl(elE tweave)v

. .1
%’Ue = fll(eu twea ’Ue)y

with initial conditions w,(t9) = z¢ and v.(to) = yo.
We define the averaged force
{f’(az,y) = gz Jy e f (e, y)do,

(38) Fo(y) = o [27 f1 (e, 4)d6.

IThis equation does not fall into the class of linear systems that we considered in the previous
section.
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Denote (w,v) as the solution for
d - j
W= f (wa ’U),

(3.9) {‘g . )
dt

with initial conditions w(ty) = ug and v(tg) = vo.

In the following discussion, we will assume that f! and f!! are smooth and
bounded. However, most of the analysis carries over under a more relaxed condition
that f! and f!! are Lipschitz continuous. We notice that 0 < € < g, there is a
time T and a constant M such that the family of solutions (we, v) to B0) exists
and is bounded uniformly by M; ie., |we(t)| + |ve(t)] < M for all ¢t € [to,T1]
and for all € € (0, ¢]; hence |xc(t)| + |yc(t)] < M. This can be established from
the construction of solutions through Picard’s iterations. Hence, given Lipschitz
continuous functions f and g, we also obtain a bound on the maximal values of
|f1(z,y)| and |f11(z,y)| as long as |z| + |y| < M. Hence, in the remainder of this
section, we will just assume that f! and £’/ are bounded functions.

Theorem 3.10. There exists T' and a constant C such that for to < t < T,
|we — @] + |ve — 7| < Ce.

Proof. From basic existence theory, due to the smoothness assumption of f/ and
f!1, and consequently f! and f/7, 3T’ > t, such that both (w,v.) and (0, D) exist
in [to, T'].

We bound the differences w — w. and v — v, for t € [ty,T’]. Let L be a pos-
itive constant such that |ff(z1,y1) — f1 (w2, 92)] < L(|lz1 — 22| + |y1 — y2|) and
[ (w1, 91) = (22, y2)| < L(J21 — 2| + [y1 — y2). Then

+ I/tO Flwe(r),ve(r)) — e/ f1(e™ “we(r), ve(7)) dr |

< (t—to)L ;élpf](lw(T) —we(T)| + [0(7) = ve(7)]) + Lo,

where I; = |j;t0 Flwe(T),ve(r)) — e/ fl(e?/€w (), ve(T))d7|. We shall show
that 0 < I; < Ce for some constant C.

Due to the periodicity of exp(it/e€), we can write down the above integrals as
sums of averages:

/t eii‘r/ef[ (6”/61‘)6(7—)7 ve(T))dr

to

n t;+2me ) )
=2, / e F (e we(t), vet)dt + Ry + I, 0<t—t, < 2me,
i=0 Yt
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where Ie = j:; eiT/ef(e_iT/Ews (T)7 UE(T))dTv

t; +2me
R = / R (f1<e“/5we(t>,ve<t)>—f1<e“/fwe(ti),ve<ti>)) dt,

i

tn tn
D oIRi| <> 2w L[ flloo€® < 27 LT || f]oo,
i=0 i=0

and || < ¢€[|f|[oo-

The main summation

n t;+2me ) i
Z/ e~ fem ™ Cwe(t;), ve(t:))dt
i=0 i
n 27 ) .
= 26/ €_Zaf(ezgwe(ti)a ’Ué(tl>)d9
i=0 70

n 1 2 ) .
= Z 27’(6 C / eiwf(elewe(ti)a ve(tl))de
i=0 27 Jo

is a Riemann sum of ftto f(we,ve)dr. Hence I < Oy, e.
Similarly,

t
/f”(e”/ewe(r),UE(T))dT
to
n t;+2me ] _
- Z/ S we(t;),ve(ts))dt + Ry + I,
i=0 /i
with 320" |R;| < €C3 and |I1.| < €0y, and

zn:/tﬂrm“ FIT (e ew (t;), ve(t:))dt

i=0 7 ti

is a Riemann sum for f; FH (we,ve)dr.
Therefore, for to <t < T’, I} + I, < Ce for some constant C. O

In the remainder of this section, we assume that the function f/ in (B.6) has the
property:
flw,y,t) = fl(ePr,y.1), VOER.
The following lemma shows how well a kernel in KP9([—1, 0]) estimates the effective
forces if given the exact data. For convenience, we drop the e subscript in z. and
Ye-

Lemma 3.11. Let (x,y) solve the equations B8) for t, < t < n with initial
data x(t,) = w" and y(t,) = 0", and let T, fI1 be defined in BI). Let w(t) =
elt=ta)/ex(t) and v(t) = y(t). Then (w,v) solve equations [ZT). We have the
estimates

EkGT(wn’@natn; st) : HKn * st(xayv )(tﬂ) - f_I(wna,l_)n)H

Crn() K loe +CeT™

IN
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and

Bper (0", 0" tn; f1) 0 = || Ky 1 (u,0) (t0) — F (@ ol
C”(n) [0 +anH(HfI||oo+||f”Hoo)

IN

for some constants Cr and Cyy independent of € and 1, and Cyir is a Lipschitz
constant of f1I.

Proof. We first derive the bound on Ej,.(w™, 0", t,; f11). With w(s) = w(t,) +
(s —tn) f1(p, "), where w,, comes from the mean value theorem, we have

T ,
Ky % g, 0)(t) = / Kyt — ) F7 (€% w(t,), v(t))ds

n

tntn )
+ / Kyt —5) (s — tn) (6”/681 FIf 4 oy 1t f”) ds,
t

n

where 9 f/! and 0, f!! denote the partial derivatives of f/! with respective to
its first and second arguments, respectively. Thus the second integral is bounded
above by anu_(HfIHoo + ||fIIHoo~), and Cjur is a Lipschitz constant of f/7. Let
@) = fH(etw™, o). Then fI is a 27 periodic function. Furthermore, we
notice that

27
1 A1 1

27
g (t)dt: %/0 fII(Bthn,ﬁn)dt f[[( -n —n) — TILI

and that f () — fII'is a 27 periodic function with zero average. Thus by Lemma

22 we have

tn+n ] tntn - _
/t Kyt — 8) (€ “w(ty), o(ta))ds = / Kt — 5)(F1(s) — F17)ds

n n

tn+n _
+/ K, (t—s)fHds
tW,

€ _
= Cz(g)qllKle,quf,{I.

Therefore, we have

[ Ky = 17 (2, y) () — 17 (0", 0")]| < Ci( ) 1K [wra + 0Ly (|1 1o + g™ [oc)-

We now prove the first inequality. Since z(t) = exp(i(t —t,)/e)w" +ftt exp(i(t—

/)£ (), y(s)ds,
Ky filtn) = Loy (700 [ () 9 ) (1)

+K, * fI(xa y)(tn)
(3.10) = DL+ L+ Ky fi(z,y)(tn),
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where Iy = Lw" K, xexp(ie (- —t,)), and I is the second term in the convolution.
Thus ||I1]| < Coe?!/n? by Lemma 22 Integration by parts shows

o= e ([ 6T a0 ) ()

t”‘l,
— Iy [T () (ta) e T (@0 0" Ky et

v (| L L), s)ds)

n

Notice that the first term cancels with the last term in (BI0). By Lemma [Z2] the
second term | exp(—ie 1, fT(w™, 0" K, * e 1| < Ck|f (@™, v™)|e?/n?. We now
analyze the last term:

= Ky ([ e o) (@

tn+n tn+n R R
= / / K, (& —t)e teT' *b(s)dtds,
s=t, =s

t

Bs) = o als), (o))

d i(s—t,)/e
= Ef’(w(S)vv(S)) (w(s) = €'~ u(s), f(x,y) = f(w,v))
= 9 f (wv)e T (w,0) + 0 f (v,9) 1 ().
Switching the order of integrations, we have

tn+n
I < / Ib(s)| ds

=tn

tn+n — €
[ Kl 0 ] < const o ( )71
t=ty, n

Hence,
15y # £ (w0, ) (1)) < CI??(%)"IIK(Q)H@-
O

Now we analyze the local errors made in one step of the HMM-FE-* schemes by
grouping the errors according to how they are committed in the HMM process. We
first remind the readers of the notation.

Let U(t,) = (X(tn),Y (tn)) be the solution of the effective equation (L)) at
grid nodes t,, = tg + nH, with initial condition U(ty) = Uy = (Xo, Yy). Let U™ =
(X™, y™) denote the numerical approximations for U(t,) produced by the chosen
HMM-FE-T scheme; here T is the selected micro-solver. Define E™ = U(t,,) —U™.
Assuming that f can be evaluated with no error, we first have the standard relation:

E" = B+ H(f(U(tn)) = f(U™) + Eppero = (I + HDfu) E™ + Eeros

where £ ..., is the usual local truncation error of the Forward Euler scheme, and
Df, is the Jacobian matrix obtained through the mean value theorem. Next, in
HMM schemes, since f is actually approximated through Step 1 in the algorithm
described in Section 2.1, there are further sources of errors coming from microscopic

processes from Step 1(a)-(d). Denote by g the errors made altogether from
Step 1(a)-1(d). It becomes clear that Exppr = EI(L;LI)\/IM + 5}}1\)/“\/[, where 5};}\41\/1
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corresponds to the analytical errors committed and EI(LITA)/I u corresponds to the dis-

cretization error. We have been analyzing 5};1)\/[ a in this paper, and the bounds

appear in the theorems in Section 2 and Lemma B11] é’gj\)/f M= 57(;27“0 + Equad 18
the sum of the global error in evaluating f. accumulated in Step 1(b), and the quad-

rature error Eyyqq corresponds to Step 1(d). The justification of using R = Q = I,

the identity operator, is absorbed into 51(;])\4 u- Here, it is understood that the terms
in Egnmm = Efpras actually depend on U(t,,), fe and t,. We remark that there are
problems not considered in this paper in which R or @ require further analytical
and numerical approximations.

In summary, for an HMM-FE-T scheme, we have

E" = (I 4+ HDf)E" 4+ HEY vrars

where E% 110 = 51(%)\/[]\/[_‘_5(1‘) +Equaa- Writing A,, = (I + HDfn) for convenience,

micro

we have
n+1 ]

(3.11) EMH = I A E° + S T Ay (HE;I;\}M n 53,;;0) .
j=1

In the Forward Euler scheme, ||&macroll < CiruncH?. Assuming that the macro-
solver is stable, i.e. ||A;|| is bounded,

[ A4]] < Campre™, for0 < j <n.

Then if we have HE{I}}IM | < CrrmmH for some € < ¢y(H), and n < no(H), and
€0, Mo decrease with H, we have a bound on the global error of the macro-solver in
H.

Assuming that we use a 4th-order Runge-Kutta scheme in Step 1(b), in the time
interval [t,, ¢, +7], the global error in the approximation of u. is Crrah*ne=®, where
the last factor e~® comes from d®u, / dt®): therefore the error in evaluating f, i.e.
g becomes CppahtneS.

By Lemma 3.17],

EW sl < Cet™ g 4 nCprr ([ F oo + 11 ]oo)-

If we take the composite trapezoidal rule as our numerical quadrature, for general
smooth functions, ||Equad|| < C'quath. However, due to the regularity of the kernel
used, K € CI(R), our integrand is smooth and periodic, and therefore its Fourier
spectrum decays very fast. Since the trapezoidal rule is exact for e?7** for | =
0,...,2m, ||€quadl| is typically very small and negligible.

Assume that for Ty < ¢t < T1, the analytical solution U = (X,Y) of the effective
equations ([3.9) is bounded by M :|X (¢)| + |Y(t)| < M, and that | X*|| + [|Y*|| <
M+m/ for k=0,1,...,n < N and Ty + Nh < T;. Assume in addition that we
start with the exact initial conditions. The error ([BI1)) is bounded by

n+1

n n j—1 j—
B = S I A (Il + 1Eabl])
j=1
n+1 }
< CletTTTH 10 (18l
j=1
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For n = CnH—l/qe(q—l)/q’ h = Cypn~VAHYAl+2/4 ‘|5£[MMH < Cypy H, for0 <
j <n,and |[E"TY < Cexp(Ty — Tp)H.
With H and T — Ty sufficiently small, we have

X"+ Y < M+ B < M+ m
Thus we can iterate our arguments and obtain the following theorem:

Theorem 3.12. Given an HMUM-FE-rk4 scheme, let U™ = (X™,Y™) be the solution
at t, = Ty + nH, computed by this scheme applied to B), and let U(t) be the
analytical solution to (B9). Let H,h,n be respectively the macro step size, micro
step size, and the length of each microscale evaluation. Then there are constants
C such that for h < ho(H,e€), n < no(H) < H, H < Hy, and for t € [Ty, T1], the
global error E™ :=U(t,) — U™ is bounded above by H :

|X™ — Xo| < CH

and
|Yn_Y(tn)| SCH7
for0<n <N, where To+ NH =T.

3.3. Complexity estimates. In the previous subsection, we see in an HMM-FE-
rk4 scheme for the oscillatory problem ([B3.9)), how the kernel support size 7 and the
step size h for the micro-solver should scale (up to constants) with the macro-solver
step size H. This is done through balancing different errors to the same order in
H. We now describe this balancing of errors for oscillatory problems of a general
HMM-X-Y scheme. The dissipative case is analyzed similarly.

Assume that the macro-solver X' is an s-th order accurate scheme, the micro-
solver is r-th order accurate, and K, € KP? is used. We want our kernel estimation
error Egarn = ||F(U™) — > wiK; f(ue(tn)|| to be bounded by CxH*® so that it
is comparable to the local truncation error of the given macro-scheme. Similar to
what we have seen previously, the error in approximating u. in Step 1(b) is

Chrpe ),
where the factor e~ ("+1) comes from d"*+Du,/dt"*+1) | and thus

s,
ou

Hence we need nh"e~("+2) = C'H* so omitting the constant,

£ 1<l

micro

Hoor]hre_(rH) < Cnhme (T2,

h = nfl/rHs/relJrZ/r.

From Section 2, we know that, for suitable problems, the force estimation error of
a kernel in KP4 is

€
(3.12) émMgam+CJ?%
Cy. in our case is proportional to ||0fc/0uc||«; thus,
q—1
Cy (5)1=C—.
n n

Omitting the constants, the two terms in (B12) are of the same order when 7
is proportional to n*(¢) = €4~D/(P+9) and the ¢9=!/n? term dominates 7P for
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7 < 1*(€). To minimize the number of microscale time steps, we want 7) to be small.
Hence, we want to scale n < n*(e) such that the dominating term

€11
nq
The constraint n < n* is satisfied if

~H® = n=H "D/,

H>e"

where w > 0 is a constant found by balancing all the exponents involving positive
integers p and gq.
Hence, with n = H—5/4¢ =1/a,

micro timesteps = n_ H %8,
P50

where
rs+qs+s +r+1
oo TERISHS g ghrAl
qr qr
since p, g, r are positive integers, 0 < # < 1. Assuming that 1/H macro steps are
needed to reach T, the total complexity is

# total HMM steps = H 7% # < C.

0,

Example 3.13. In the following, we give a really conservative error estimate for
an HMM-FE-rk4 method using a kernel in K2 (s = 1,7 = 4,p = 2,q = 5).

e Global error in 7-interval: rk4 gives h*ne=>.

d®z/dto.
e [, scaled with H gives nh'e 6 = H.
e Error in the approximation of f: ¢*/n° = H.
Thus, n = €*/5H~'/% and correspondingly h = €%/5H%/5. An estimate for the
number of flops for the HMM-FE-rk4 method with 7/h micro steps for each of the
N ~ 1/H macro steps is

The last factor € is from

# of Flops = N% — 232,

We compare this particular HMM-FE-rk4 method to other methods. Any explicit
methods will need a step size of the order of € to resolve the oscillations and to
be stable. The complexity then is proportional to €, which makes the computation
impossible, let alone other properties such as, possibly, unnecessary damping in the
solution. This evidence suggests that our HMM-FE-rk4 is superior.

4. ANALYTICAL AND NUMERICAL EXAMPLES

In this section, we apply our schemes to a few examples. For each fixed €, our
numerical tests verify the results for the HMM schemes developed in the previous
section.

We set up our numerical simulations as follows. The numerical approximations
are computed in the time interval [0, 7] using a macro step size H € {T1/n; : n; =
10+ 104,7 = 0,1,2,...,7}. We use H; to denote Ty /n;, h; for the corresponding
micro step size, and 7; for the kernel support size. With a given €, and the quadruple
(p,q,r,s) representing that a kernel in K”9(7) is used in Step 1(d), and an s-th
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order macro-solver and r-th order micro-solver are used in the chosen HMM scheme,
we determine 7; and h; according to our discussion earlier:
- —s/q.1-1/q
n; = CphH /lagt=1/a
hj — Chnfl/rHs/r€1+2/r.

We compute the absolute errors in the Y component defined by

) Tl/H]‘
el = > |Y" - Y (nH;) H;
n=1

and

e¥) =  max |Y"—Y(nH;)|
lgnng/Hj

Finally, these errors are plotted using loglog plots in each of the following examples.
In the following subsections, AB2 stands for the 2nd order Adam-Bashforth scheme,
LF for Leapfrog, FE for Forward Euler scheme, and rk4 stands for the common 4th-
order explicit Runge-Kutta scheme.

4.1. A stiff oscillatory example.

=i Y x—y)+ily—t)+1 Zo 2
(41) .. —t _ 2 5 - 1 5
y=ily—1t)+lz—yl Yo
with solution )
r=ec et
y=e +1t.
Before applying HMM ODE schemes to this system, we remark that this system is

in the class of nonlinear equations that we have considered in the previous section.
System () after a linear transformation (w,y) = (z — vy, y), becomes

W =ie w — |w]® + 1 wo _(1)
g = |w]? ’ Yo 0 )’

which is obviously in the form to which our convergence theory applies. We have
mentioned that the averaging approach is invariant of linear transformations, so we
can work directly with (£I]). We see in this example that we cannot simply ignore
the fast scale variable x, since it contributes the dynamics of y.
In Figure [£1] we plot e(le) and eg%) for each computation using the macroscopic
step size H; = 4/(10 + 105) along with the following settings:
(a) HMM-FE-If: K°*P([-1,1]), ét. = 0, (p,q,r,s) = (1,10,2,1), ¢ =
1073/(2m), C, =5, Cp, = 0.4;
(b) HMM-FE-rk4: K<P([-1,1]), dt.
1075/(27), C, = 2.6, Cj, = 0.5;
(¢) HMM-LF-rk4: K°P([-1,1]), dt. = 0, (p,q,7,s) = (1,10,4,2), ¢ =
107%/(2m), C, =6, C), = 2;
(d) HMM-AB2-rk4: K*P([-1,1]), 6t. = 0, (p,q,7,s) = (1,10,4,2), € =
1075/(27), C, = 6, C, = 2.
We remark that since the system is not stiffly dissipative, in Step 1(b), we solve uc
in [tn,t, + dt.] by the given equation, and in [t,, ¢, — dt.] backward in time with
the initial condition ue (7 = t,) = U™. Then the effective force can be evaluated
at t,using a symmetric kernel.

07 (p7q7r7 S) = (1710747 1)7 € =
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1
10
(c) LF-rk4 (d) AB2-rk4

FIGURE 4.1. The horizontal axes 1/H. The lines with x-markers
are e((,]o) and the lines with o-markers are e(le) . The dotted lines are
proportional to H, and the dashed lines are proportional to H2.

The detailed settings are provided in the example of Section 4.1.

4.2. Dissipative systems.

4.2.1. Stiff system with fast transient. We test the HMM-AB2-rk4 solver (with
a 4th-order Runge-Kutta for microscale and the 2nd-order Adam-Bashforth for
macroscale) on the following equation:

(4.2) y = —¢ *(y +cost), y(0)=2.0.

Since the macro-solver is a linear multistep method that requires a uniform step
size, we use the nonsymmetric kernel, K € K*?([-1,0]) N C3([-1,0.2]), depicted
in Figure [T, to estimate the effective force at the left end of each microscale
evolution.

HMM-AB2a-rk4: 6t, = 0.6, (p,q,7,5) = (2,3,4,2), e = 1074, C,, = 25, C}, =
0.25, H € {T1/n; : nj =40+205,j =0,1,2,...,10}, Ty = 4. The errors are plotted
in Figure
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FIGURE 4.2. HMM-AB2a-rk4. The horizontal axis is 1/H. The
lines with x-markers are eéi) and the lines with o-markers are e(le) .
The dashed lines are proportional to H2. The detailed settings are

provided in Section 4.2.1.

4.2.2. Oscillatory system with transient.

(4.3) { g=e i+ 21— lz—yP)@—y) +iy—t)+1 ( 0 ) _ ( 3 >

DV i=it -0+l P Aw )71 )
We see from the equation that a stiff transient in x would take place whenever
|z — y| is not 1. However, passing the transients, the averaged solution should be
identical to that of system (4I). In the following computations, the macro time
step is taken to be H € {2/n; : n; = 104+10j,j = 0,1,2,...,8}. The corresponding
errors are plotted in Figure 4.3.

HMM-AB21k4: K € K23([-1,0]) N C2([-1,-0.1]), §t. = 0, (p,q,7,8) =
(2,3,4,2), e =107%/(27), C,, = 0.23, C), = 10, T} = 2.

o
.
,
™ Y,
107 NN PEREEEEE ) o,
A , 10 T RN e
g 'y TUUITINY B
. Lo . . Ty

10 """""""" \ 10‘3““::,,,3 ..............

10’ 10’

(a) AB2a-rk4 (b) AB2s-rk4

FIGURE 4.3. Numerical accuracy study of (43]). The lines with x-
markers are e((){)) and the lines with o-markers are e(LJI) . The dotted
lines are proportional to H, and the dashed lines are proportional

to H2. The detailed settings are provided in Section 4.2.2.
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HMM-AB2-rk4d: K(t) = K®*P(t + 0.2), dt. = 0.6n, (p,q,r,s) = (10,1,4,2),
e =1075/(27), C, = 20.3, C, = 2, T1 = 2. Note that U is constructed at T,, =
0.6n +nH.

4.3. A three-body problem. Let # = (71,72, 23) € R?> x R? x R? and let (my,
ma,m3) € R denote, respectively, the positions and the masses of the three planets
of the system. See Figure 4] for an illustration of the setup. The potential energy
of this system takes the form:

V(z)=— Z _nmamy < mima mims mMams > .
|-'L'1—$2| |$1—$3| ‘,’1’,‘2—;1;3‘

T, — T
2 Jos ]
The corresponding equations of motion are

miﬁéi = V%V(x), = 1,2,3.

We solve these second-order equations as a system of first-order equations by intro-
ducing new dependent variables v; = &; and ©; = Z;. In our setting, we assume that
mz is O(1) and O(e) = m; K ma < mg = O(1/p). x5 is stationary. We assume
that

|z — 902|2 ~ €Ty — x3\2 ~p~ ! and |z — x3\2 ~p L

so that the equations for v; have only two scales:

. (z1 — 22) (1 —23) _ g 1
R P R e =/ (:U)—i—eg(x),
O(1/e) o(1)
. (w2 — 1) (w2 —w3) _ .py
U2 = ml\xg—x1|3 3|x2—x3\3 = [ (=)
o(1) o(1)

Thus, with suitable initial conditions, m; spins around ms in € time scale while
mg orbits around mg in the slow time scale. Essentially, we have two time scales
in this problem and the HMM method resolves the trajectory of ms and m; in a
short time 7, then takes a big time step. See Figure for a snapshot of an actual
computation.

0 2 4 6 8 10

FIGURE 4.4. This is a diagram showing the planar three-body
problem. In our setup, m; spins around ms is the € time scale.
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2.4 '»\ 1 o5
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0.2
| 1 oif
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75 8 85 g L L L L L L A
(a) 996 997 998  9.99 10 1001 10.02

FIGURE 4.5. Snapshots of the computed trajectories

Simulation 1. € = 107°/(27), p = 1074, (m1,ma, m3) = (500 * €,0.4,5/p), 21(0) =
x2(0) + 0.5(y/€,V€), 22(0) = ({/p,0), £3(0) = (0,0), and v1(0) = (5,—5), v2(0) =
(0,10),v1(0) = (0,0), T3 = 5.0.

HMM-LF-rk4: K®P, 6t, = 0, C, = 230/2 C,, = 120, T} = 5.0. We first
apply the scheme with different H’s to establish a convergence evidence for this
method. Denote by X2L FH) the position of mass mo at T} constructed this way
using macro step size H. We obtain |X2LF(O'5) fXQLF(O‘25)| = 18.29904, |X2LF(O'25) -
XEFOI5)) = 5 47153, | X LFO120) _ x LFO0625)) = 1 04626, and from these data,
we saw that the difference is deceasing at a rate proportional to H2. In Figure
are plotted the trajectories of XQL FH) and also the total energy of the system

versus 1/H, which shows a convergence in total energy at a rate proportional to
H2.

10 0 10 20 30 10’
(a) Trajectories (b) Energy convergence

FIGURE 4.6. Numerical convergence study of the energy simula-
tion 1 of HMM-LF-rk4. The plot on the left shows the difference of
the total energy of approximation at 73 to the initial energy versus
1/H. C, =230, C;, =120, T = 5.0.
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FIGURE 4.7. Planar three-body problem numerical convergence
study of simulation 1. The curves marked with A are data obtained
from HMM-FE-rk4 with symmetric kernel K**P (i.e., §t* = 0) with
backward flow to enforce uniform step sizes. The curves marked
with x are data obtained from HMM-FE-rk4 with symmetric ker-
nel K°*P and variable step sizes. The plot on the left is obtained
with C, = 200, and the one on the right with C,, = 230/2.

In the following set of simulations, we compare the numerical approximations
obtained from two different first-order schemes to the X2L F(0.05) (T1). In our simu-
lations, we ran the following two first-order schemes:

o HMM-FE-rk4: K*P([-1,1]): ét. =0, (p,q,r,s) = (1,10,4,1), C,, = 230/2
or 200, Cp, = 120, T1 = 5.0.
e HMM-FE-rk4: K®P([-1,1]): 6t, = n/2, (p,q,7,s) = (1,10,4,1), C,, =
230/2 or 200, Cy, = 120, T} = 5.0.
The two schemes differ in that one keeps uniform macroscopic time steps and
the other one can be considered as a variable time stepping method. We plot
|zo — XQLF(O'OS)| versus 1/H in Figure @7

F1GURE 4.8. Planar three-body problem numerical convergence
study of simulation 2. The circle is placed at the position of x3. The
diamond and cross represent, respectively, the x5(0) and z5(80).
The dashed line shows the orbit if m; = 0.
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Simulation 2. € = 107°/(27), p = 1074, (my, ma, m3) = (500%¢,5.87,1/p), 21(0) =
22(0)+0.5(y/€, V/€), 22(0) = (1, -2.1,/p), 23(0) = (0,0), and v1(0) = v2(0)+(60,0),
v2(0) = (2.5,2.2), v3(0) = (0,0), H = 0.2, C,, = 200/2, C}, = 100.

HMM-LF-rk4: KP and dt, = 0, T1; = 80. See Figure 4.8

5. SUMMARY

In this paper, we introduce and analyze a new class of numerical algorithms
for stiff ODE systems based on the HMM framework. We study the stability and
convergence of the HMM schemes and present a few numerical computations on
stiff systems using either Runge-Kutta or linear multistep HMM schemes. The
analysis also covers some existing classes of methods that use variable step sizes.
An important component in the new effective force estimation is accomplished
through the convolution of the data with certain classes of compactly supported
kernels. In particular, we show that a general class of highly stiff systems with
oscillatory solutions, for the first time can be practically approximated with an
explicit technique that requires fewer functional evaluations than the number of
oscillations.

We point out that the HMM methods are not limited to the few simple schemes
that we listed above. We show that one can use this methodology to build an HMM
scheme for a hierarchy of scales. One can customize and fine tune the numerical
approximation scheme in each scale more or less independently from the other
scales. For example, one can naturally adopt symplectic schemes for Hamiltonian
systems. The HMM framework provides a systematic way to build a scheme that
is suitable for a given system.
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