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SEMI-IMPLICIT INTEGRAL DEFERRED CORRECTION
CONSTRUCTED WITH ADDITIVE RUNGE-KUTTA METHODS*

ANDREW CHRISTLIEB', MAUREEN MORTON?, BENJAMIN ONGS$, AND JING-MEI QIUY

Abstract. In this paper, we construct high order semi-implicit integrators using integral deferred
correction (IDC) to solve stiff initial value problems. The general framework for the construction
of these semi-implicit methods uses uniformly distributed nodes and additive Runge-Kutta (ARK)
integrators as base schemes inside an IDC framework, which we refer to as IDC-ARK methods.
We establish under mild assumptions that, when an r*? order ARK method is used to predict and
correct the numerical solution, the order of accuracy of the IDC method increases by r for each
IDC prediction and correction loop. Numerical experiments support the established theorems, and
also indicate that higher order IDC-ARK methods present an efficiency advantage over existing
implicit-explicit (IMEX) ARK schemes in some cases.

Key words. Defect correction methods, additive Runge-Kutta methods, semi-implicit methods,
integral deferred correction methods, spectral deferred correction methods, implicit-explicit methods.

AMS subject classifications. 65B05, 65L05, 65L20.

1. Introduction

Many physical problems described by time dependent partial differential equations
(PDEs) or ordinary differential equations (ODEs) involve multiple time scales that
necessitate efficient and accurate numerical time integration. For example, chemical
rate equations can have a dynamic range of behaviors which span disparate time
scales. Such equations can be expressed in a simplified model as

y'(t) = fs(ty) + fn(ty), tel0,T], (1.1)
y(0) = yo,

where fg(t,y) contains stiff terms and fy (¢,y) contains the nonstiff terms. The above
system may also arise with a method of lines discretization of PDEs, such as hyperbolic
systems with relaxtion terms, convection-diffusion systems, and convection-diffusion-
reaction systems. Applying explicit numerical integrators to the above initial value
problem (IVP) can result in impractical time step restrictions due to the stiff term,
while fully implicit methods may involve costly Newton iterations.

A general approach to solving system (1.1) is to construct implicit-explicit (IMEX)
methods, where the stiff term is handled implicitly, and the non-stiff term is handled
explicitly, thereby gaining the benefit of the implicit method for the stiffness but
potentially saving computational effort by handling some terms explicitly. In this pa-
per, we construct a class of IMEX-RK methods, also known as additive Runge-Kutta
(ARK) methods, using the defect correction framework. Currently, ARK methods
above 5th order have not been constructed without the use of a defect correction
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880 SEMI-IMPLICIT IDC

framework [21, 22]. Tt is also possible to contruct IMEX methods using general linear
multi-step schemes. Such methods however require multiple starting values, and their
stabilities deteriorate at higher order [16, 3, 23].

In 2000, Dutt, Greengard, and Rokhlin introduced spectral deferred correction
(SDC) methods [12]. SDC methods compute a provisional solution on a subgrid
and then correct this provisional solution by approximating the error in subsequent
correction loops over the subgrid. A unique feature of SDC is the formulation of the
error equation in an integral form within the correction loops, which provides improved
stability [12, 13]. Several investigations and modifications of SDC followed. For
example, the order of accuracy for SDC methods constructed with Euler integrators
was proved [28]. Krylov deferred correction, which uses SDC with an Euler integrator
as a preconditioner for a Newton-Krylov method, was developed to handle differential
algebraic equations [17, 18]. In [9], a variant of SDC, integral deferred correction
(IDC), constructed using uniform nodes and high order explicit RK integrators in
both the prediction and corrections, referred to as IDC-RK, was introduced. In [9], it
was established that using an explicit RK method of order r in the correction results in
r more degrees of accuracy with each successive correction. In [8] it was demonstrated
that IDC-RK methods are more efficient than SDC methods (constructed with Euler
integrators) of equivalent order. IDC-RK methods were also found to possess better
stability properties than SDC [9] and can be written as RK methods in Butcher table
form [8]. Semi-implicit IDC with backward and forward Euler was developed as an
IMEX method to handle IVPs of the form (1.1) [25], while in [22], semi-implicit IDC
methods using second order base schemes (BDF and RK) in both the prediction and
correction loops were implemented.

In this paper, we provide a general framework for the construction of arbitrary
order IMEX methods that use ARK integrators as base schemes inside the IDC frame-
work. We will refer to this family as IDC-ARK methods. Our framework recovers
the formulation in [22] for the second order ARK case. We do not study multistep
methods embedded in the prediction and correction loops of IDC because multistep
methods in general do not achieve high order accuracy increase after each correction
since the error is not smooth [8]. In Section 3, we analyze the local truncation er-
ror of the IDC-ARK methods. It is found that, when an r*" order ARK method is
used to predict and correct the numerical solution, the order of accuracy of the IDC
method increases by r for each IDC prediction and correction loop. A corollary of
the theorem provides the truncation error results for IDC methods constructed us-
ing implicit RK integrators in the prediction and correction loops. The analysis of
the truncation error closely follows the analysis in [9], and, since only the essential
differences are presented in this work, it is recommended that the interested reader
first reads [9] before reading Section 3. Numerical results in Section 5 support the
conclusion of the theorem. As experienced by many IMEX schemes, including ARK,
some order reduction is apparent with increased stiffness. In future work, we plan to
explore using asymptotic preserving ARK schemes (as in [27]) in the prediction and
correction loops of IDC to potentially mitigate the issue of order reduction. In some
scenarios, high order IDC-ARK presents an efficiency advantage over some existing
IMEX ARK schemes.

The paper is organized as follows. An IMEX form of Runge-Kutta methods
known as ARK is explained in Section 2.1. Our formulation of semi-implicit IDC-
ARK schemes, based on [25] and [9], can be found in Section 2.2. Section 3 contains
the analysis of the truncation error. Improved stability of the IDC-ARK over SDC-
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FE/BE is shown in Section 4, and Section 5 summarizes the numerical experiments
conducted, including order of accuracy and efficiency.

2. Formulation of IDC-ARK

In this section, we first present a brief description of ARK methods and their
formulation within the framework of IDC. Then we provide both a general formulation
that constructs arbitrary order semi-implicit IDC methods incorporating (arbitrary
order) ARK integrators and an example involving a second order ARK integrator.

2.1. Additive Runge-Kutta. One method of splitting an ODE is to partition
the right hand side of an IVP into A parts [10, 1, 21, 24]:

y/<t) = f(tay) = Z f[l/] (tvy)’ y<0) =Y, t€ [07T]7 (2'1)

and to treat each fj,) with a separate numerical method. When different p-stage
Runge-Kutta integrators are applied to each f,), the entire numerical method is
called an additive Runge-Kutta (ARK) method. If we define the numerical solution
after one timestep h as 11, which is an approximation to the exact solution y(to + h),
then one step of a p-stage ARK method is given by

A p
m=yo+hd > b fte+ " h V), (2.2)

v=1i=1

A p
where Yi:yo+hzza£~;]f[u](t0‘f’Cg'y]thj)'

v=1j=1

For the case cg»”] = ¢; for all j, v, the ARK method has the Butcher table:

1 1 1 A A A
ool all ol Al )
1 1 1 A A A
ool all ol A el
1 1 1 A A A
o |l o o 9
R . oM B

Under certain conditions on the RK coefficients, an ARK method of desired order can
be obtained without splitting error [11, 1, 24, 21].

Without loss of generality, we consider the case A = 2, where the IVP (2.1)
simplifies to the IVP (1.1), where fs(t,y) is stiff and fx(¢,y) is nonstiff. An IMEX
version of ARK is then applied to (1.1), as shown for example in the Butcher table
21],

0 0 0
S S N
colay; as, 0 ... |ay; O
S S S N N N
Cp | Gp1  Op2 Gpp | Gp1  Op2 Gp.p—1 0
S S S N N N N
b3 by .- bp by b, ce bp_1 bp
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where to reduce computational cost, an implicit DIRK method, with zero in the first
diagonal entry, is applied to fs, and an explicit method is applied to fy. Note that,
although one can formulate an ARK method with different stage nodes, say cév and
cf, taking the same stage nodes, c¢; = cj-v = CJS,
presented in [21].

In the literature, the definition of ARK for the case of A = 2 usually is presented in
the form of (2.2) [1, 21, 10, 24]. We reformulate the definition of ARK (A = 2) below
to suit our analysis. The equivalence of definitions can be seen by simple substitution.

Our alternate definition can be given as follows.

simplifies the order conditions, as

DEFINITION 2.1. Let p denote the number of stages and af}(,afj; b;-v,bf; cj be real
coefficients. Then the method
i—1 P
ke = fo | to+cihoyo+h | D alkN + afks | ],
Jj=1 Jj=1
P
m=yo+hy bNEN + b7k, (2.3)

i=1

fora=N,S andi=1,2,...,p, is a p-stage ARK method for solving the IVP (1.1).

DEFINITION 2.2. An ARK method has order r if for a sufficiently smooth IVP (1.1),
ly(to +h) —m| < KA,

for some constant K > 0; i.e., the Taylor series for the exact solution y(to + h) and
m coincide up to and including the term h".

2.2. General Formulation of IDC-ARK. Generalizing the formulation from
[9] for IDC-ARK, we obtain a general framework for semi-implicit IDC constructed
using ARK integrators.

Consider the IVP (1.1), where the right hand side is split into stiff and nonstiff
parts, fs(t,y) and fn(¢,y), as in Section 2.1. The time interval [0, 7] is discretized
into intervals [t,,t,+1], n =0,1,..., N — 1, such that

O=to<ty<tyg< - <tn<--<ty=T, (2.4)

with timestep H,, = t,+1 — t,,. Each interval [t,,t,11] is discretized again into M
subintervals with quadrature nodes denoted by

tn,O = tna tn,m = tn,mfl + hn,ma m = ]-7 B Ma (25)

where hy, ., is a step size that may vary with m, and Zf\le hnm = hy (S0t =
tn+1). For IDC-ARK methods, we consider only the case of uniform quadrature
nodes; i.e., hy m = 117\[4 for m =1,..., M. Although it is possible to use nonuniform
quadrature nodes, we anticipate that nonuniform nodes will not consistently produce
the desired order of accuracy results, based on the analysis in [8]. Note that the
use of the word uniform does not preclude an adaptive timestepping implementation
of the IDC-ARK methods since, for uniform quadrature nodes, we mean that the
step H, may be varied as desired, but within each step H,,, the smaller steps h, m

must remain equal for each m. Since we consider only uniform quadrature nodes, we
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drop the subscript m on hy, ,, in our analysis. Furthermore, since the focus of this
paper is the construction and order of accuracy of general IDC-ARK methods (and
not adaptive timestepping with such methods), and since the analysis is identical
for any interval [t,,t,+1], we subsequently drop the subscript n and apply the IDC
method to the interval [0, H]. We also note that the numerical solution at the end
of some interval [t,,t,+1] is used as the initial condition for the subsequent interval
[tnt1, tntal-

A summary of the IDC-ARK algorithm is as follows. First, in the prediction
loop, we compute a provisional solution to the IVP (1.1) with an ry*" order ARK
method. Then for k¥ = 1,..., K correction loops, we compute an approxima-
tion to the error using an r,*"* order ARK method and update the provisional so-
lution with this approximate error. Thus an IDC method with order of accuracy
min(rg + -+ + - +rK,,,,, M + 1) is obtained.

Next we provide the details that are necessary for both the implementation of the
IDC-ARK method and the proof of truncation error in Section 3.2.

e Prediction loop: Use an 7" order numerical method to obtain a provi-

sional solution to the IVP (1.1),

' = (o ol

which is an 7" order approximation to the exact solution
y= (y07y1a"'ayM7"'ayM)a
where ¥, = y(t,,) is the exact solution at ¢,,, form = 0,1,..., M. We apply a

po-stage 7o' order ARK scheme (2.3) as follows: fora = N, S;i=1,2,...,po
and m=0,1,..., M —1,

1—1 Po
k= fo | tm 4 cihonl)) + 0 | D al kN + > adkd ||
j=1 Jj=1
Po
=l O ),

i=1

e Correction loop: Use the error function to improve the order of accuracy
of the numerical solution at each iteration.
For k =1 to Kioop (Kioop is the number of correction loops):

1. Denote the error function from the previous step as
(1) = y(t) =™V (1), (2.6)

where y(t) is the exact solution and n*=1 () is an M*" degree polyno-
mial interpolating n*~1]. Note that the error function e*=1)(t) is not a
polynomial in general.

2. Denote the residual function as

E(k_l)(t) - (n(k—l))/(t) _ fS(tﬂ?(k_l)(t)) — fN(t,n(k—l)(t))v
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and compute the integral of the residual. For example,

tm+1
/ eh=1) (r)dr

to
M
k—1 k—1 k—1
el = vo =Y g (st 0l ) + vty ), @)
=0

where 7, ; are the coeflicients that result from approximating the inte-
gral by interpolatory quadrature formulas, as in [12],

and ! = gD (t;).

3. Compute the numerical error vector, denoted by

SR = () .ol sl (2.8)

ryYm )
which is an r,*™ order approximation to the error

elk=11 — (egﬂfl} elk=1] elk—1]

el ekl

where elf ! = e*=1(t,,) is the value of the exact error function (2.6)
at tp,.

To compute 6% by an 7, order ARK method, we first discretize the
integral form of the error equation, which can be found by differentiating
the error,

(e® DY () = fs(t,n* V() + ") = fs(t. 0"V (1)
+ (0 (@) + V@) = (D (1) = B0,

letting
t
E(k_l)(t):/ e(k_l)(T) dr,
to

bringing the residual to the left hand side,

(D) + EED@) = foltn ™D @)+ eE0(0)  fs(t,n* ()
A D@ + B 0) ~ D),

and defining a differential equation in terms of a new variable @, given
by

QUV(t) = e V(1) + EF (1), (2.9)
so that the error equation whose integral form we discretize is given by
Q1) () = fs(t,n* V(1) + QW1 (t) = BC=V (1)) — fs(t,n* V(1))

+ ("0 (@) + QU (@) — BETD(@) — (k0 ® V()
= Fs(t,Q" V() = B®=V (1) + Fn(t, Q"D () - BV (1))

= Gs(t, Q¥ V(1) + Gn(t, QP (1)),
Q¥ 1Y) =0, (2.10)
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where

Fo(t, e D(1) = falt,n® D (@) + D (1)) = falt,n™ 1 (1)),
Gol(t, Q¥ V(1)) = F(t,e*Y(t)), a=N,S.

The fo, @ = N, S notation above (with @ and the approximation for F)
is used in the numerical computation, while the G, o = N, .S notation
is employed in the theoretical explanations and proof in Section 3.2.
We apply a pi-stage 7™ order ARK method to (2.10) and denote the
™ order numerical approximation to Q[k U_ Q¥ =V(t,,) by Qgﬁ]. We
therefore have, fora = N,S,i=1,2,...,py and m=0,1,... , M — 1,

« k N 1. N
k& = Gy | tm + cih, QF 4 Za”kj —&—Za”j

j=1
i—1
= Foltm +cih, O + 10 | Y al k) + Za” : (2.11)
j=1
— EF Ut + ¢5h),
Pk
Ol =l ST ONEN + 65k, (2.12)

i=1
From Equations (2.9), we compute our numerical error vector (2.8),

5K — Qlkl _ plk—1,

where the components of EF=1 are Eif 1 = = E*=Y(t,,). In fact, we
use

tm41
51[v§]+1 = Qn]fb]+l /t G(k_l)(T) dr
0

27 Sk k [k—
~ ol — it —yo—ZWm,g Fslty ) + vty ),

7=0

where we have approximated the integral by interpolatory quadrature
formulas, as in [12].

In computing (2.12), one needs to evaluate f,(t,n(t)), « = N, S, at
some intermediate stage, e.g., at t = ¢y + c;h. This results in addi-
tional function evaluations of f,(¢,7(t)), which is usually the most ex-
pensive part of an algorithm. In our implementation, we avoid this extra
cost by performing a polynomial interpolation. Specifically, given f, =
(Fa(to,m0)s - - s faltmsTm), - - - » fa(tar,mar)), we construct an M** degree
Lagrange interpolant, L™ (¢, f,) and approximate f,(t, n(t))|t:to+cjh us-
ing LM (t = to + cjh, fo) up to O(KM+1). Again note that f,, F, are
more useful for understanding the numerical implementation, while G|,
is employed in the theory in Section 3.2.

4. Update the numerical solution nl* = nlk=1 4 sk
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2.3. Example with second order ARK. Now we present an example where
a second order ARK scheme is employed in the IDC framework. We consider the
IMEX RK2 scheme from [2], and illustrate that our formulation reduces to Layton’s
formulation [22] for this specific IMEX RK2 scheme. Writing the ARK scheme (we
denote it by ARK2ARS) in a Butcher table, we have

0|0

910 g 9

110 1—g g|d 1—-d

‘O 1—g g‘O 1—9g ¢
whereg:l—%anddz—%.

The prediction loop solving (1.1), for « = N, S and m =0,1,...,M — 1, is

sy =1l + (1 — g)(kY + kS) + g(k] +k5)), where
kS = foltm,nld),
kS = foltm + gh.nl) + hg(ky +k5)),
kS = faltmer, nl + h(dk) + (1 — d)k) + (1 — g)k5 + gks)),

The correction loop solving (2.10) is

57[:]-5-1 = erj]-i,-l — gl (tm41), where

k
=l 4 h((1— g)(kY +E5) + gk + K5)),
kla = Fa(tma Qgcz] - E[k_l] (t’m))v
kg = Fa(tm + gh, Qgi] + hg(k{v + kég) - E[kil](tm + gh’))7
kS = Fo(tmas, O + h(dkN + (1 — d)EY + (1 — g)k5 + gk5) — EF-U(t,,41)).

Letting ngi] = (5,@ + 17&7” and QL’ZJ = 6&] + E,[ﬁ*l], and noting
Qmte(fo(t, n* = () + fn(t,n* =1 (t))) from [22] is an approximation of
jf:“h e*=1(7)dr, we see that our framework recovers the formulation of IDC con-
structed with ARK2ARS in [22].

o =l o ng (kN + k5) — B (¢, + gh),

o2 =l 4l Rk + (1= Ak + (1 — g)ks + gkS) — EF U (tnin),

k k-1 k
777['n]+l = 77£n+1] + 57[71]+17

where the notation on the left is as in [22], while the notation on the right is ours.

3. Theoretical analysis of IDC-ARK

Some mathematical preliminaries related to the smoothness of discrete data sets
are introduced in Section 3.1. Section 3.2 then provides the local truncation error
estimates of IDC-ARK along with a corollary for the local truncation error of IDC
constructed with implicit RK integrators. This paper closely follows the formulation
presented in [9]. Since much of the framework for analyzing the local truncation
error remains unchanged, we only present the essential part of the analysis where it
substantially differs from the construction in [9].
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3.1. Mathematical preliminaries. Several analytical and numerical pre-
liminaries are needed to analyze IDC methods. The smoothness of discrete data sets
will be established, analogously to the smoothness of functions; this idea of smooth-
ness is used to analyze the error vectors. Let ¢(¢) be a function for ¢ € [0,T], and
without loss of generality, consider the first interval, [0, H], of the grid (2.4). Denote
the corresponding discrete data set as

(tﬂa’l[}') :{(toa’l/)O)aa(tM,wM)}7 (31)

where t,, are the uniform quadrature nodes given by (2.5).

DEFINITION 3.1 (smoothness of a function). A function 1 (t), t € [0,T], possesses
o degrees of smoothness if ||d*i)|| o = H gTinoo is bounded for s = 0,1,2,... 0, where
[Plloo := maxieo,ry [ ()]

DEFINITION 3.2 (discrete differentiation). Consider the discrete data set, (1)),

defined in (3.1), and denote L™ as the usual the Lagrange interpolant, an M™ degree
polynomial that interpolates (t,1)).

M

t—1
M _ o n
LY (t,¢) = Z em(O)m, where cp(t) = H —
m=0 n#Em
o P
Ap st degree discrete differentiation is a linear mapping that maps 1 into dg1), where
(dst))m = gt LM (t,4))|4=¢,,. This linear mapping can be represented by a matriz

— . . . .
multiplication dsp = Dy -1, where Dy € RIMAVXMAY) gnd (D) n = %Cn(tﬂt:tm,
mn=0,...,M.

Given a distribution of quadrature nodes on [0, 1], the differentiation matrices,

f)LO’”, s = 1,..., M have constant entries. If this distribution of quadrature nodes
is rescaled from [0, 1] to [0, H], then the corresponding differentiation matrices are

D, = %f)go’l] and D, = (%)S b,

DEFINITION 3.3. The (S, 00) Sobolev norm of the discrete data set (£,4) is defined
as

-
dstp

[ =22

o
LR
o s=0 e
w - -
where dsip = Id -1 is the identity matriz operating on 1.
DEFINITION 3.4 (smoothness of a discrete date set). A discrete data set, (3.1),

possesses o (o < M) degrees of smoothness if ||1;||S ~ 15 bounded as h — 0.

We emphasize that smoothness is a property of discrete data sets in the limit as

h — 0. We also impose o < M, because dyt) = 0, for o > M. See [9] for a detailed
discussion.

ExaMPLE 3.1 (A discrete data set with only one degree of smoothness). Consider
the discrete data set

@i ={oo. (T.9).(33) (0 7) ol
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The first derivative

P 4 10 10 4
d = _—— — —_—— =
11211 < 33 3303 373>a

is bounded independent of H, while the second derivative

To_ (22 16 112 16 o

"7 \8H' 3H' 3H 3H'3H)’

is unbounded as H — 0. Therefore, (f: 1/_;) has one, and only one degree of smoothness
in the discrete sense.

For further details, definitions, and properties of smoothness in the discrete and
continuous sense, we refer the reader to [9].

3.2. Truncation error analysis of IDC-ARK. Here we provide the lo-
cal truncation error estimates for IDC-ARK methods. The analysis easily extends
to implicit-implicit or explicit-explicit IDC-ARK methods, as well as IDC methods
constructed with ARK methods of the form (2.2), designed for differential equations
whose right hand side can be partitioned into more than two parts. Since most IDC-
ARK theoretical results are similar to those in [9], we only present the main theorems
and lemmas, along with some helpful notations, and highlight the portions of the
proof that differ from [9]. The implicit case is presented in Corollary 3.10.

THEOREM 3.5. Let y(t), the solution to the IVP (1.1), have at least o (and fs and fx
have at least o0 — 1) degrees of smoothness in the continuous sense, where o > M + 2.
Consider one time interval of an IDC method with t € [0, H] and M + 1 uniformly
distributed quadrature points (2.5). Suppose an ro"" order ARK method (2.3) is used
in the prediction step and (r1,7a,. .. 71"Kloop)th orderNARK methods are used in Kjoop

correction steps. For simplicity, assume that ¢; = ¢ = cf and the number of stages

L . . k
for the implicit and explicit parts of each ARK method is the same. Let sy, = ijo ;.
If sk,,,, < M + 1, then the local truncation error is of order O(hf<oon Y.

The proof of Theorem 3.5 follows by induction from Lemmas 3.6 and 3.7, below,
for the prediction and correction steps, respectively, which discuss the local truncation
error and smoothness of the rescaled error when general high order ARK schemes are
applied in the prediction and correction loops of IDC methods. Lemma 3.6 is the first
case, and Lemma 3.7 is the induction step.

LEMMA 3.6 (Prediction step). Let y(t), fs, and fn satisfy the smoothness re-
quirements in Theorem 3.5, and let nl® = (7]([)0}77]%0]7- .. ,nig],. A 7758[]) be the numerical
solution on the uniformly distributed quadrature points (2.5), obtained using an ro*"
order ARK method (as described in Theorem 3.5) at the prediction step. Then:

1. The error vector el = y — nl% satisfies ||el?)|| o ~ O(RT0F1).

2. The rescaled error vector el = hio el has min(o —rg, M) degrees of smooth-

ness in the discrete sense.

LEMMA 3.7 (Correction step). Let y(t), fs, and fn satisfy the smoothness re-
quirements in Theorem 3.5. Suppose eF=11 ~ O(hs+—1+1) and elk—1] = hskl,le[k_l]
has M + 1 — si_1 degrees of smoothness in the discrete sense after the (k — 1)st cor-
rection step. Then, after the k' correction step, provided an ri*" order ARK method
(as described in Theorem 3.5) is used and k < Kjoop,
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1. The error vector e*) satisfies ||e®]|oo ~ O(h*++1).

2. The rescaled error vector el*l = h%ke[k]

in the discrete sense.

has M + 1 — s, degrees of smoothness

Note that the smoothness results of the rescaled error vectors in both lemmas are
essential for the proof of the correction loop in Lemma 3.7. The smoothness proofs of
Lemmas 3.6 and 3.7 (analogous to those in [9]) are quite technical. We instead state
and sketch a proof for the smoothness of the rescaled error vector following a forward-
backward Euler (FBE) prediction step in Lemma 3.8. The smoothness proof for the
more general case is similar in spirit. Once the smoothness of the rescaled error vector
is proved, the magnitude of the error vector follows directly from Definition 2.2.

LEMMA 3.8 (FBE prediction step). Consider an IDC method constructed using
M + 1 uniformly distributed nodes, and a FBE integrator for the prediction step. Let
y(t), the solution to the IVP (1.1), have at least 0 > M + 2 degrees of smoothness,

and let % = (7]([]0}, ey 77£2], . ,ng\(/)f]) be the numerical solution computed after the pre-

diction step. Then the rescaled error vector, ol = %é{o], has M degrees of smoothness
in the discrete sense.

Proof.  We drop the superscript [0] as there is no ambiguity. A FBE discretization
gives

Nm+1 = Nm + th(tmu 77m) + hfS(thrlv nm+1)a (32)

and the exact solution satisfies

tms1 tm+1
Yras1 = U + / fn(ry(r))dr + / fs(r,y(r))dr,

o—2 ; ;
hz+1 dzf
= Ym + th(tmaym) + Z (Z T 1)| dtiv (tmvym)
i=1 ’
o—2 ; ;
hz-i—l dlfs "
+ hfs(tmt1, Ymr1) + Z G+ 1) W(tm+1yym+1) +O(h%). (3.3)
=1 :

Subtracting Equation (3.2) from Equation (3.3) gives

em+1 = em + h(fN(tm, Ym) — N (EmsMm)) + R(fs(Ema1, Ymr1) — fs(Emr1, Dmt1))
o—2 hi+1 difN (t )+0—2 hi+1 difs
R I~ R (S VIR

(tmt1,Ym+1) + O(R7), (3.4)

where €41 = Ym+1 — Dm+1 1S the error at t,,41. Let

U, = (N (s Ym) = N (s ) + (Fs (Gt 1, Ymer1) — fs(Emrts ms1))s

and
=2 . , ,
hz+1 dsz dlfS
m = o\ T tm, m ——(tm s Ym . .
=3 gy (e o) + G o ) (35

To prove the smoothness of the rescaled error vector, &€ = e/h, we will use an
inductive approach with respect to s, the degree of smoothness. First, note that a
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discrete differentiation of the rescaled error vector gives,

~ ém—i—l - ém o—2
d =—=—+4+—5+0(h , 3.6
We are now ready to prove that € has M degrees of smoothness by induction. Since
l€]lcc ~ O(R), € has at least zero degrees of smoothness in the discrete sense. Assume

that € has s < M — 1 degrees of smoothness. We will show that cﬂé has s degrees of
smoothness, from which we can conclude that é has (s + 1) degrees of smoothness.
First,

we gl

1, 3zfs
maym +Z ' m+1 tm+17ym+1) (37)

a i
+(9((em)” Y4 O(ems1)”™h)
o2 1 o—2
1, ;0fN 1. (0 fs
= ;ﬁemh 61 (’mvym +; 7 m+1h al(m+17ym+1)

+O((hém)” ™) + O((hémr1)7 ),

where we have performed a Taylor expansion of fN (t, nm) about y = y,, and of
fs(t,Mm+1) about y = 4, 41. Denote fy: o fN or %fs Since f,: has
(a—z— ) degrees of smoothness in the continuous sense, f P = [f (t0:Y0)s - -+ s foyi (Eaa, Ynr)]

has (0 —i — 1) degrees of smoothness in the discrete sense. Consequently, h*~! fyi
has (o — 2) degrees of smoothness, which implies that “= has min (o0 — 2, s) degrees
of smoothness. Also 7% has at least s degrees of smoothness from the smoothness

property of the IVP (1.1) Hence the fact that dle has s degrees of smoothness implies
that € has (s 4+ 1) degrees of smoothness. Since this argument holds for o > M + 2,
we can conclude that € has M degrees of smoothness. O

Note that most results for IDC-ARK methods stated in Lemmas 3.6, 3.7 and the
proofs are similar to the analysis in [9]. However, there is a main difference between
the proof of the truncation error for IDC-RK [9] and IDC-ARK methods within the
proof of Lemma 3.7, described below within the proof of Proposition 3.9. For clarity,
we outline the proofs of the lemmas and provide the essential details where the proofs
differ.

Proof of Lemma 3.6.

Proof. 'We drop the superscript [0] since there is no ambiguity. First, we Taylor
expand the error, €41 = Ym+1 — Mm+1, Where y,, 41 is the exact solution and 7,41 is
the numerical solution obtained using an roth order ARK method. In [9], for IDC-RK
methods, the expansion is about ¢ = t,,, whereas in this paper, for semi-implicit IDC-
ARK methods, the expansion is analogous to (3.4), given in the proof of Lemma 3.8,
above. That is, the explicit part is expanded about t = t,,, and the expansion for the
implicit part is about ¢t = ¢,,,4+1. Then the error can be written in the form

em+1 = €m + hlhy, (fN(tma Ym)s €ms f5(Em+1, Ym+1), 6m+1)
Rm (h, fN(tma ym), fS(tm+1a ym+1)) + O(ho)a

where U, is analogous to (3.7) with f(t;,nm) and f(tm+1, Mm+1) expanded about
Ym and Y, 11, respectively, R,, is analogous to (3.5), and R, is O(h"*1). Now we
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may bound |[el||o, by induction. By definition, ey = 0, so certainly, e ~ O(h"0t1).
Now assume e, ~ O(h™T!). We already know that R,, ~ O(h™*!). Since U,
is analogous to (3.7), we know that its terms consist of derivatives of fy and fg
multiplied by powers of e,, and e,,41. Trivially, any terms with e,, are at worst
O(hm+1), which would complete the proof for IDC-RK methods, but not for IDC-
ARK methods. For IDC-ARK methods, we are left with

emt1 = O(hTY) + harepi1 + ha26$n+1 + o+ hag—o enm_+21 +O(h 62;11%

where a; are constants depending on derivatives of fy and fg, so clearly e, 11 ~
O(hm+1), which completes the inductive proof.
Smoothness results are proved analogously to Lemma 3.8. 0

Before proving the IDC-ARK correction loop, Lemma 3.7, we first introduce some
notational details related to the rescaling of the error equation, and refer back to the
error Equation (2.10). The analysis for the correction steps in this section will rely
on this form of the error equation.

Assume that after the (k — 1)*® correction, the method is O(h®*-1). We rescale
the error e*=1 (2.6), and Q*~1) and G, from the error Equation (2.10), by h®-1.
Define the rescaled quantities as

_ L e
(1) = oo e ), (3.8a)
@(k—l)(t) _ hsi—l Q(kfl)(t)7 (3.8b)
GV QU I(1) = hsiq Ga(t, B Q¥ D(1)), a=N,s. (3.8¢)

Then the rescaled error equation is given by

(Q*VY (1) = GE (1, QU V(1) + GV (1, QD (1)), (3.9)
Q¥ (t) = 0.

The rescaled Equation (3.8) and (3.9) are O(1) (see [9]).
A p-stage, r*" order ARK method (2.3) applied to (3.9) gives, for i = 1,2,...,p
and a = N, S,

VAR

1—1 P
ke =GV [t +eh, Q)+ h [ S alVEY + 3 aSkY | |
j=1 j=1

p
O =@+ 1 ST ONEN + 07k, (3.10)

=1

where the Greek letter { denotes the rescaled solution in the numerical space, and
@ggfl] = Q" V(o). In the actual implementation, we discretize (2.10) as in Equa-
tions (2.12) with Fx,Fs. We use (2.12) with Gy, Gg instead of Fy, Fg for the
analysis. Proof of Lemma 3.7.

Proof.  The smoothness results are analogous to, but more tedious than, the
proof of Lemma 3.8. Thus they will not be presented in this paper.
The outline of the proof of the truncation error is:
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1. Subtract the numerical error vector from the integrated error equation,

k] _ [k—1] (k]
Cm+1 = Cm41 — 6m+1’
and make appropriate substitutions and expansions using the rescaled equa-
tions. This is quite similar to the proof in [9].

2. Bounding ||e[k]||Oo using an inductive argument, similarly to the proof of
Lemma 3.6, and similarly to the proof in [9].

The details of bounding ||e!*!||o, require several minor propositions, which can be
found in [9], and one quite important proposition, which we state and prove below,
that claims the equivalence of the rescaled and unscaled error vectors and shows the
truncation error of the rescaled error vector. Employing the rescaled Equations (3.9),
(3.8), and (3.10) greatly simplifies the proof of the truncation error. d

The proof of the following proposition is where the essential difference between
the proof of the truncation error for IDC-RK [9] and IDC-ARK methods lies.

PROPOSITION 3.9. The Taylor series for the rescaled exact error, @*=V(ty + h) =
hsk%e(kfl)(toJrh), and for the rescaled numerical error, hs,c%légk] in (2.12), coincide
up to and including the term h' for a sufficiently smooth error function e*=1(t),
when the exact solution y(t) has o and fn, fs have o — 1 degrees of smoothness.

Proof. It suffices to prove the following claim:
Rk =k + O(R°Y), Vi=1,2,...,p, a=N,S, (3.11)

where k2 and Aléf‘ are as in Equations (2.12) and (3.10). Note in [9], the O(h~1) term
is not required due to the explicit nature of IDC-RK methods, whereas here for semi-
implicit IDC-ARK methods, although the term may not be necessary, it allows for
the structure of the proof that we provide. The claim (3.11) states the equivalence of
the rescaled and unscaled error vectors. More specifically, it asserts that the rescaled
error vectors (rescaled by h®*—1), obtained from formally applying ARK methods to
a rescaled error equation, are equivalent (up to order O(h°~1)) to the error resulting
from the numerical formulation that we implement. Thus, since an 7" order ARK
method applied to the rescaled error equations achieves r,'" order, the (unscaled)
numerical implementation is O(h%-1%"%) provided the exact solution y(t) and the
functions fn, fs are sufficiently smooth.
Before proving (3.11), we set

(aghs’“l%\] + afjhs’“*%fL
1

i—1 p
A =h [ > alh kY +) afht k) | =h
Jj=1 Jj=1 J

) (3.12)

(aNEN +alkS), (3.13)

P
ij v g
=1

1—1 D
. NN S 1.5
Bi=h | Y ajk) +) ajkf | =h
=1 i=1

J

1 0

oy

l
Galto +¢;h, Q™) Alv B,
v=1
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where a = N, S, and the equalities in (3.12) and (3.13) hold since a =0 for j > 1.
Now, to prove claim (3.11), we prove that h®s- 1kf‘ k& =0O(h™) forn=1,2,...,0—1,

fori=1,2,...,p, and o = N, § using induction with respect to n; i.e., we show that
Ry
=h" > O (B (W RN — kN ) 4 B (WS — kS ) + O,
o (3.14)

where the notation is as follows.

c—20—2 o—2

ZZZZZZZZ

li 2 Jj1 J2 Jn

2n1n 2n1n

fin =2 1 ce A =2 1] cw

where for the 3 coefficients, C' represents some C’l or Cz J» a represents some af}/ or
s

a;;, and “¥ and “¢ denote that the C, a coefficients that appear in the sums depend

on o and N or « and S, respectively. For example, if n = 2, then

N
613'2 Cluamclwl J1]2 + Cllzamclzh J1J27

as S
Bz] 2 Clﬂamlclzh 172 + Clﬂamclzjl J1J27

which is clarified in the expansions below.

We prove (3.14), and hence (3.11), using induction with respect to n, the power
of h in equation (3.14).

e n = 1: Using the rescaled quantities (3.8) and Taylor expanding G(t,y)
about Qékil) in y, we obtain for « = N, .S,

A

P
= W G (b0 + eih, QD (ko) + 1Y (alfEY + aiikS))
J=1
P
— Galto + cih,QF V(¢ Z (@ kY + asik?))

74]] (]

p
= Galto+ cih, A (QF D (to) + Y (alkY + afik)))
j=1

— Galto +cih, Q¥ D(ty) + By)
= Galto + cih, QE D (tg) + Ay) — Galto + cih, QS + B))

o—2

It
=> 1113811 olto + cih, Q¥ (t0)) ((A)" — (Bi)") + O(h ™). (3.15)
=11
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Factoring (A4;)1 — (B;)l = (A; — B) Y0, A="BY~! Wi =1,2,...,p, then

RS — (3.16)
o—2
=Y Cfi(Ai — By) + O(he 1)
l1:1

P
=h >R (al), (B RN — BN+ af, (kS — E5)) 4+ O(h7 )
l1=1 ji=1
oc—2 p "
=0 > Y (Ol (B BN — kN + Cfiad (kS — ES)) + O(h7 )
lh=171=1
=0 YN BN — BN+ B (R — k) + O(h ).

1,1 4,1
Note here that 551‘{ = C’lol‘iaf\;l, and Bloj‘sl = C’fl‘iafjl.
e n+1: Assume (3.14) holds for n < ¢ — 1 (for both @ = N and S). Following

the same process of Taylor expanding as in Equations (3.15) and (3.16) in
the n =1 case , we see that for « = N, S:

B
= hp" ZZ 5;:;1; (ho*- 1k,N _ kN) Blajsn(hsk lks ksn)) _1_0(]7/671)
Lin jn
316)hnzzﬁl Ui:g zp: (CZN (hsk 1k_N _ kN )
Ln jn jn lnt1=1jnt1=1 e ]MHH e m
+ O35, fndn (B0, = K5,,0) + O ™)

N sk TN LN
lJ" h Z Z n+1JnaJan+1(h kjl kj1)

lny1=1jn4+1=1

P g0 B =K ))+ O ) + O )

n+1in ]n]w+1 In+1 In+1

n+1 N 5k—1~N7 N
=h E : § : /Bl]’ﬂ Lnt1n @ ]n]n+1 +Bl]n ln+1]na]n]n+1)(h kjl kjl)

I,n+1j,n+1
s 7.5 S o—1
(ﬁlj n ln+1.7n ]n]71,+1 + Bl] n ln,+1]na]n]n+1)(h - 1k]n+1 k]n+1)) + O(h’ )
+1 .N 7.8 S
=n" Z Z ﬂl] n-‘rl hSk lkJ +1 k,]n+1) +ﬂlj n-‘rl(hSk lkJ +1 kJn+1))
l,n+1j,n+1
+O(°™Y, Vi=1,2,...,p,
where
e} N
Bljfﬁt—&-l 51], Oln+1]n Jnin+1 Jr/Blg, n+1.7n jginsr

as S S S'
ﬁlj,n—&-l 513 n n+1jn L +Bl]n lng1dn Cndni1?

which completes the inductive proof, so it follows that (3.11) holds.
The rest of the proof of Proposition 3.9 is similar to the IDC-RK analysis in [9)].
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In particular,

L " D) (g

to

- P — P — t1
=h%-1 QU (tg) + b Y BN b -1kN 4 by b Rk — /t *=D(rydr
j=1 j=1 0

tq p p
= QDo) - / ED(@)dr + b Y6 (kY + O + b YT (k5 + O(h)
to j=1 j=1

to+h P 4
_ Jeel _/ €E=D(yar + b STV EN 40 SO0 RS 4 0(h),
to j=1 j=1

Since the Taylor series for @(k_l)(to + h) and ﬁ[lk] coincide up to and including the

term A" (since Q[lk] is an r'" order ARK approximation to Q*~1 (o + h)), then the

Taylor series for hskl,l e* = (ty 4+ h) and hsk%l(ﬂk] also coincide up to and including

the term h”. 0

COROLLARY 3.10. Let y(t) be the solution to the IVP

y'(t) = f(t,y), telo0,T],
y(0) = yo,

and suppose y(t) has at least o (0 > M + 2) and f has at least 0 — 1 degrees of
smoothness in the continuous sense. Consider one time interval of an IDC method
with t € [0, H] and uniformly distributed quadrature points (2.5). Suppose an o™
order implicit RK method is used in the prediction step and (r1,7r2,. .., rKloop)th order

implicit RK methods are used in Kooy correction steps. Let s = Z?:o rj. If SKipop <
M + 1, then the local truncation error is of order O(h*<ieon ),

Proof. The result follows from Theorem 3.5, if we set fy = 0. 1]

4. Stability

It is well accepted that the linear stability of an explicit or implicit scheme can
be measured by the stability region [15]. However, the stability measure for a mixed
scheme, such as ARK, is much more complicated. In the literature, different measures
for stability have been proposed for semi-implicit (including additive Runge-Kutta)
methods [3, 2, 26, 24]. We adopt the stability measure from [3, 2], which is explained
clearly in [25] via the following definitions.

DEFINITION 4.1. The amplification factor, Am(\) with A\ = a+if, for a semi-implicit
method, is interpreted as the numerical solution to

y'(t) = ay(t) +iBy(t), y(0) =1, (4.1)

where the explicit component of the semi-implicit method is applied to the imaginary
part iBy(t), and the implicit component of the semi-implicit method is applied to the
real part ay(t), after a time step of size 1 for « € R and § € R, i.e., Am(A\) = y(1).

DEFINITION 4.2. The stability region, S, for a semi-implicit method, is the subset
of the complex plane C consisting of all A such that Am(\) < 1 for ODE 4.1, i.e.,
S={x: Am()\) < 1}.



896 SEMI-IMPLICIT IDC

DEFINITION 4.3. The scaled stability region, g, for a semi-implicit method, is the
stability region S divided by the number of implicit function evaluations.

For IDC methods, the number of implicit function evaluations is sM (Kjpop + 1),
where s is the number of stages of the implicit RK method embedded inside IDC,
and M is the number of intervals. For example, an (M +1)** order IDC-FBE method
requires M (M + 1) implicit function evaluations since BE involves only one stage,
and an (M + 1)** order IDC-ARK3KC method requires 4M ((M + 1)/3) function
evaluations since ARK3KC has 4 stages and (M + 1)/3 loops are required to achieve
(M + 1)% order accuracy.

In Figure 4.1a, the scaled stability regions for 3rd, 6th, 9th, and 12th order IDC-
FBE (IDC constructed using forward and backward Euler, or SISDC with uniform
quadrature nodes) with 2, 5, 8, and 11 correction loops, respectively, are computed
numerically and plotted. The regions are similar to the stability regions of the SISDC
methods that use Gauss-Lobatto quadrature nodes [25]. Figure 4.1b shows 3rd, 6th,
9th, and 12th order IDC-ARK3KC (IDC constructed with 3rd order ARK3KC) with
0, 1, 2, and 3 correction loops, respectively. The scaled stability regions of IDC-ARK
schemes are significantly larger than those of IDC-FBE schemes. This correlates
with results in [9], where IDC-RK methods were found to possess better stability
properties than SDC methods [9]. Such a stability measure has implications on the

scaled IDC-FEBE scaled IDC-ARK3KC
0.6 0.6
% 0.4 x 3rd % 04 x 3rd
= 6th = 6th
0.2 O 9th 0.2 0 9th
iLQ‘Qa? 12th 12th
0 0 0.1 0.2 0 0 0.1 0.2
Re(M) Re(\)
(a) IDC-FBE (b) IDC-ARK3KC

Fig. 4.1: Scaled stability regions for 3rd, 6th, 9th, and 12th order IDC constructed using (a) forward
and backward Euler and (b) 8rd order ARK3KC. The inside of each stability region is the region to
the left and below the portion of its boundary that is shown. IDC-ARK3SKC regions are significantly
larger than IDC-FBE regions.

stability property of the IDC-ARK method, especially when applied to the convection-
diffusion problem in Section 5.1, where the convection term is treated explicitly and
diffusion term implicitly. We remark that the stability property of the semi-implicit
scheme greatly depends on the splitting of Equation (1.1), therefore, the stability
analysis we presented has to be adapted for specific problems.

5. Numerical results

We now summarize numerical experiments applying IDC-ARK methods to a lin-
ear advection-diffusion equation and a nonlinear Brusselator problem. Accuracy re-
sults that support Theorem 3.5 and efficiency results are presented. Several different
ARK methods of various orders were tested within the IDC prediction and correction
loops: second order ARK2A1 [24] and ARK2ARS [2], third order ARK3KC [21] and
ARK3BHR (Appendix 1. in [7]), and fourth order ARK4A2 [24] and ARK4KC [21].
For brevity, we select only a few of these to present. For the convergence studies, error
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is plotted versus the time step size H. In each implementation, we anticipate that
# loops * ARK order = expected IDC order. To compare efficiency, the IDC-ARK
methods were compared with their constituent ARK methods and with IDC-FBE
methods (which are SISDC methods with uniform quadrature nodes [25]).

We further comment that the focus of our study is not the choice of fy, fg, and
thus we make naive choices of fy and fg in each example below, acknowledging that
better choices are likely to exist (in particular, there is much study on the choice of
fn, fs for PDEs, such as in [19, 20, 14]). Note also that, in most of the literature, the
examples of semi-implicit methods used to solve problems with stiff regions only test
convergence and efficiency up to the time just before the stiff layer, at which point
they claim that adaptive steps should be taken [21, 7, 2]. In this work, we also present
most tests in the standard way, computing solutions up to the time just before the
stiff layer, at which point we assume adaptive steps should be taken if we were to
continue the computation.

5.1. Advection-diffusion example. Consider the advection-diffusion equa-
tion

Up = —Uy + Ugy, x€[0,7/2], te€]0,0.1], (5.1a)
u(z,0) = 2 4 sin(4x), (5.1b)

with periodic boundary conditions. We solve (5.1) via the method of lines with
fast Fourier transform (FFT) for the spatial derivatives and time-stepping with semi-
implicit IDC-ARK, where the advection term is treated explicitly (fxy = —u,) and the
diffusion term is treated implicitly (fs = uzz). This choice of methods ensures that
the error is dominated by the time-stepping. The numerical solution is compared to a
reference solution, computed with a ninth order IDC-FBE method with Az = /780,
At = 1/24800. Error is calculated as the ! spatial norm of the absolute error at the
final time T = 0.1.

In Figure 5.1, we see the expected theoretical orders or accuracy; that is, orders of
convergence increase by two and three for IDC constructed with second and third order
ARK integrators, respectively. Here Az = 7/260 ~ 10~2. Notice that At > Az?, a
key reason for employing semi-implicit methods.

10° 10°
.o o |IDC3
-0
. 0o | & 1ocs o®
5107 -2 A 510" fl » IDC9| _ o
= oA S o.® .
[%2] A’ 12} .
®107"° & | e IDC2 f10% oF A
oA K A IDC4 A
o = IDC6 &
10—15 . x x ¥ 10—15 A A4 A /
—4 -2 0 -4 -2 0
10 10 10 10 10 10
At At
(a) IDC-ARK2A1 (b) IDC-ARK3KC

Fig. 5.1: Convergence study of various IDC schemes applied to the advection-diffusion equation at
T =0.1. In (a), we have 2nd, 4th, and 6th order IDC constructed using 2nd order ARK2A1 and
(b), 3rd, 6th, and 9th order IDC constructed using 3rd order ARKSKC. The numerical results agree
with the theoretical order of accuracy (dotted lines).

A reasonable measure of efficiency is the number of implicit function evaluations
versus the error (as in [25]), since the implicit calls will often dominate due to the
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Newton iterations. It is not surprising that higher order IDC-ARK methods require
fewer function evaluations for accurate solutions, as shown in Figure 5.2. IDC6-
ARK3KC is more efficient than IDC6-FBE and IDC6-ARK2A1.

. --IDC2FBE . -+ IDC3FBE
» 10 —~—IDC4FBE | 10 - IDC6FBE
E +-IDC6FBE | ¢ —-IDCYFBE
o —-—ARK2A1 | 9 S ——IDC6-2A1
5 —-IDC4-2A1| 5 ~=—ARK3KC
- ——IDC6-2A1 ——IDC6-3KC

2 —IDC6-3KC| 10?2 -- IDC9-3KC

10 -10 0 10—10 100
10 10
abs error abs error

(a) Various IDC2, IDC4 and IDC6 schemes (b) Various IDC3, IDC6 and IDC9 schemes

Fig. 5.2: Efficiency study of various IDC schemes applied to the advection diffusion equation. The
number of implicit function evaluations is plotted as a function of the error at T = 0.1. High order
IDC-ARK methods require fewer function evaluations to obtain accurate solutions.

5.2. Brusselator example. = We now consider the Brusselator problem with
diffusion,

ug = A+u?v — (B+1Du+aug,, =<€0,1], te]0,10], (5.2)
vy =Bu—u*v+av,,, A=1, B=3, a=0.02

u(0,t) =u(l,t) =1, v(0,t) =v(l,t) =3,

u(z,0) =1+ sin(27rz), wv(z,0)=3.

We solve (5.2) via the method of lines with second order centered differencing for
the spatial derivatives and time-stepping with semi-implicit IDC-ARK, where the
nonlinear term, fx = [A + u?v — (B + 1)u, Bu — u?v]T, is treated explicitly and the
diffusion term, fs = [QUgs, @v4,]T is treated implicitly. Error is computed by taking
the maximum of the {! spatial norm of u and v, as compared with successive solutions
at the final time T = 10.

Figures 5.3 also shows that our IDC-ARK methods attain the expected theoretical
orders of accuracy; that is, orders of convergence increase by two and three for IDC
constructed with second and third order ARK integrators. For this problem, IDC-
ARK methods have a smaller error coefficient. Again, these computations are stable
(At > Az? ~ 107%), the key motivation behind implementing semi-implicit methods.

In Figure 5.4, it is again observed that higher order IDC-ARK methods re-
quire fewer function evaluations for accurate solutions, as shown in Figure 5.2. The
ARK2ARS and ARK3BHRI1 methods are more efficient than the IDC2-FBE and
IDC3FBE. IDC6-ARK2ARS is more efficient than IDC6-FBE, and IDC9-ARK3BHR1
is more efficient than IDC9-FBE. It would seem that the efficiency is dependent on
the embedded ARK scheme.
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Fig. 5.3: Convergence study of various IDC schemes applied to the Brusselator with Az = 1/50
at T = 10. (a) shows the convergence of IDC constructed with forward-backward Euler, (b) shows
the convergence of IDC constructed with ARKSBHR, (c) shows the convergence of IDC constructed

with ARK2ARS. The numerical results agree with the theoretical order of accuracy (dotted lines).

—e-|IDC2FBE - |DC3FBE
" ——|DC4FBE - —+—|DC6FBE
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(a) Various IDC2, IDC4 and IDC6 Schemes

(b) Various IDC3, IDC6 and IDC9 Schemes

Fig. 5.4: Efficiency studies of various IDC schemes applied to the Brusselator. The number of
implicit function evaluations is plotted as a function of error at T = 10. High order IDC-ARK
methods require fewer function evaluations to obtain accurate solutions.

5.3. Van der Pol’s example. Finally, we examine a standard nonlinear
oscillatory test problem, Van der Pol’s equation [7],

1

Y () = ya(t), wys(t) = E(_yl(t) + (1 —y1(t)*)ya(t)), t€[0,0.55139], (5.3)
B 210 202, 1814
n(0)=2 1(0) = =3+ g€~ 5157¢ ~ Toga3°

and we choose fx = [y2,0]7, fs =[0,(—y1 + (1 — y3)y2)/€e]T, and e = 1076. Error is
calculated by taking the absolute error between successive solutions at the final time.
We comment that semi-implicit ARK methods (and hence IDC-ARK methods) in
general were not designed to handle problems similar to Van der Pol’s oscillator, but
we include this example since it appears frequently in the literature. We refer to y; as
the differential variable and ys as the algebraic variable, since, in the limit as ¢ — 0,
(5.3) becomes a differential-algebraic equation that involves only the derivative of y;.

Figure 5.5 shows the convergence of various IDC schemes for the stiff oscillator
(e = 107%). Despite the stiffness, the differential variable, y;, attains the full theoret-
ical order of accuracy. The algebraic variable, y2, on the other hand, displays order
reduction that appears to depend on the order of the base scheme. That is, although
the error still decreases with successive corrections, IDC-FBE methods degrade to first
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order convergence in g9, while the IDC-ARK3BHR1 methods degrade to third order
convergence in yo. IDC-ARK3BHR methods have smaller error coefficients compared
to IDC-FBE methods. It is not unusual for certain implicit RK and semi-implicit
methods, to exhibit order reduction for very stiff problems (small €) [16, 21, 25]. In
some cases, additional conditions on the structure of an RK or ARK method may
mitigate or remove order reduction [16, 6, 4, 5]. Since IDC methods have a similar
structure to RK methods [8], it is reasonable to look for IDC methods that maintain
full order of accuracy in stiff regimes. Furthermore, the third order IDC-FBE method
displays no order reduction for large timesteps (Figure 5.5a), and interestingly, ap-
pears to be more accurate than the ARK3BHRI1 (no IDC) method in this timestep
range. This surprising result is more obvious in the efficiency study in Figure 5.6, and
provides impetus for investigating whether any other IDC methods that maintain full
theoretical order of accuracy in stiff situations may be constructed.

0 0
10" (", IDC3FBE, y, ‘ 100 ) 3BHR,y,
_ » IDC3FBE, Y, - _ A 3BHR, Y, ..
£10° | o IDCOFBE,y, ’;/' s £107° | . IDC6-3BHRyy, A
2 . IDC6FBE, y, P 8 . IDC6-3BHR Y, o Ly
[ " A'A x .+ ; [ N ’/' +
107 aast gt 107 W7
A A o ¥ * 3 ’ 2 Al * 4
10° 10™ 107 10° 10° 10™ 1072 10°
H H
(a) VAP (5.3), e = 1076 (stiff) (b) VAP (5.3), e = 1076 (stiff)

Fig. 5.5: Convergence study of wvarious IDC schemes applied to Van der Pol’s oscillator with
e=10"6, T = 0.55139 vs H. The differential variables, y1 attain their theoretical order of accuracy,
while the differential variable suffers from order reduction (Dotted lines indicate theoretical order of
accuracy).

The efficiency plot, Figure 5.6, is particularly interesting. It appears for the Van
der Pol’s oscillator, that IDC-FBE methods are more efficient at attaining solutions
that are accurate to 1078, before the onset of order reduction. Once order reduction
sets in, IDC-ARK methods are more efficient.

—4-|DC3FBE
—-e-IDC6FBE
—+IDC9FBE
-=-ARK3BHR1
—+-1DC6-3BHR1
- IDC9-3BHR1]|

implicit func evals

107 107
abs error

Fig. 5.6: Efficiency studies of various IDC schemes applied to the stiff Van der Pol’s oscillator
(e = 10’6). IDC-FBE methods are more efficient at attaining solutions that are accurate to 10~8,
before the onset of order reduction. Once order reduction sets in, IDC-ARK methods are more
efficient.
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6. Concluding remarks

We have provided a general framework for the simple construction of arbitrary
order IMEX methods. These semi-implicit IDC-ARK methods use ARK integrators
as base schemes inside the IDC framework and can thus be constructed to higher order
easily, with no need to consider the complicated order conditions that are typically
required for the construction of ARK methods. High order IDC-ARK methods can be
used to solve multiscale differential equations that involve disparate time scales more
efficiently than popular ARK schemes. We have performed an analysis of the local
truncation error of IDC-ARK methods, shown improved stability, and conducted nu-
merical results showing order of convergence and improved efficiency. We are presently
examining the use of asymptotic preserving ARK schemes (as in [27]) in the prediction
and correction loops of IDC as a potential way to mitigate the issue of order reduction
that arises with increased stiffness. We also have begun an investigation of embedded
IDC methods, including IDC-ARK, and their implementation in an adaptive setting.
We anticipate that adaptivity will provide additional efficiency gains over IDC-ARK.
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