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ERROR ESTIMATES OF THE INTEGRAL DEFERRED CORRECTION
METHOD FOR STIFF PROBLEMS *

SEBASTIANO BOSCARINO! AND JING-MEI QIu?

Abstract. In this paper, we present error estimates of the integral deferred correction method con-
structed with stiffly accurate implicit Runge-Kutta methods with a nonsingular matrix A in its Butcher
table representation, when applied to stiff problems characterized by a small positive parameter €. In
our error estimates, we expand the global error in powers of € and show that the coefficients are global
errors of the integral deferred correction method applied to a sequence of differential algebraic systems.
A study of these errors and of the remainder of the expansion yields sharp error bounds for the stiff
problem. Numerical results for the van der Pol equation are presented to illustrate our theoretical
findings. Finally, we study the linear stability properties of these methods.
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1. INTRODUCTION

The deferred correction (DC) method for solving an initial value problem in the form of

y'(t) = f(t,y(t), y(to) =0 €RY, (1.1)

has been investigated intensively [1,2,16]. An advantage of the DC method is that one can use a simple
numerical method, for instance a first order method, to compute the solution with higher order accuracy. This
is accomplished by using a lower order numerical method to solve a series of correction equations during each
time step. In each iteration, the order of the method increases. In [6], a new variant of the deferred correction
method called the spectral deferred correction (SDC) was proposed. In SDC, a deferred correction procedure
is applied to an integral formulation of the error equation in the DC method. It has been shown that the
SDC method outperforms DC in many problems with promising numerical results [6]. This is mainly due to
the integral formulation of the error equation, as numerical integration is considered to be a more stable and
accurate process than numerical differentiation. Moreover, the selection of quadrature nodes plays some role
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in the performance of the SDC method [12]. In [6], the quadrature nodes in the proposed SDC method are
chosen to be Gauss—Lobatto, Gauss—Radau or Gauss—Legendre points for high order of accuracy. When the
quadrature nodes are uniform, the SDC method is called the integral deferred correction (InDC) method. There
are various SDC/InDC methods with different implementation strategies, e.g. in selecting time integrators in
prediction and correction steps [3-5,10,11,13,14] and in coupling with the Krylov subspace method [10]. Within
the InDC framework, it is shown in [4,5] that if an rth order integrator is used to solve the error equation,
then the accuracy of the scheme increases by r orders after each correction loop. This analysis has recently
been extended in [3] for the InDC method constructed with implicit and semi-implicit integrators. In [4], the
InDC method constructed with high order Runge-Kutta (RK) methods has been reformulated as a RK method,
whose Butcher tableau has been explicitly constructed.

The main goal of this paper is to study the convergence behavior of the InDC method constructed using im-
plicit RK methods of different orders, when applied to a special class of stiff problems called singular perturbation
problems (SPPs). A typical SPP has the form

y'(t) = fy(t), 2(1)),
e (t) = g(y(t), 2(1), (1.2)

where y and z are vectors in RY with N being the dimension of the vectors and € > 0 is the stiffness parameter.
We call these vectors the differential component for y and the algebraic one for z. Classical books on this subject
are [15,17]. In system (1.2) we assume that 0 < ¢ < 1 and f and g are sufficiently differentiable vector-valued
functions. The functions f, g and the initial values y(0), z(0) may depend smoothly on e. For simplicity of
notation, we suppress such dependence. We require that system (1.2) satisfies

9=y, 2)) < —1, (1.3)

in an e-independent neighbourhood of the solution, where p denotes the logarithmic norm with respect to
some inner product. From a classical result in SPPs theory, the condition (1.3) guarantees the existence of
an e-expansion, whose coefficients are the sum of a smooth function of the independent variable ¢ and an
exponentially decaying function of the stretched variable 7 = t/e (initial layer). The exponentially decaying
function is not present if the initial values of system (1.2) (which depend on €) are on the smooth solution, (see
Chap. VL3 of [8]) for more details. We thus suppose, in our analysis, that the initial values lie on the smooth
solution, that ¢ < H where H is the time step size, and that the initial layer is over. In fact, arbitrary initial
values introduce an initial layer in the solution. One possible way to overcome this difficulty is simply to ensure
that the numerical method resolves the initial layer by taking small step size of O(e).

System (1.2) allows us to understand many phenomena observed for very stiff problems. Indeed, in [8] and in
the original paper [9], the authors showed that most of the RK methods presented in the literature suffer from
the phenomenon of order reduction in the stiff regime. To this aim, we investigate the same phenomenon when
it appears in the InDC framework. In the past, such order reduction has been numerically investigated without
much theoretical justification [3,14]. The novelty of this paper is to provide rigorous and careful convergence
analysis for the global error of the InDC method and investigate its stability property.

In this paper, we study the global error of the InDC method when it is applied to SPPs in the form of (1.2),
in order to seek an understanding on the order reduction phenomenon. First we consider the InDC method
constructed with the backward Euler (BE) method, denoted as InDC-BE, and then with implicit RK (IRK)
methods, denoted as InDC-IRK.

The main idea is to expand the error in powers of €, whose coefficients are called error terms, and show
convergence results for these error terms. Order reduction phenomenon exists for both differential and algebraic
components in the InDC framework. Specifically, under suitable assumptions, the order of convergence for the
first term in the e-expansion of global error increases with high order if a high order RK method is applied in
the correction steps of the InNDC method; whereas the order of convergence for the second term in e-expansion
is determined by the stage order of the RK method for the prediction step. We focus our analysis on the InDC
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method using uniform quadrature nodes, but excluding the left-most endpoint. The uniform distribution of
nodes is important to increase accuracy by the corresponding high order, when a high order RK method is
applied in correction steps for classical problems; we refer readers to [5] for details. The use of quadrature nodes
excluding the left-most endpoint leads to an important stability condition for stiff problems, i.e. the method
becomes L-stable if A-stable; we discuss such stability issues in Section 5. We also remark that important
assumptions on the IRK method are that the method is stiffly accurate and has nonsingular matrix A in its
Butcher table representation. We will show that, if these properties are not satisfied, the corresponding InDC
method becomes unstable and the numerical solution diverges. A satisfactory explanation of this fact is given
in the Appendix.

The paper is organized in the following way. In the rest of this section, we present the basic notations of
TIRK methods for SPPs in [8] (for more details see [9]). In Section 2, we introduce the InNDC-BE method for
SPPs (1.2). In Section 3, main theoretical results are stated in the form of two Theorems; numerical evidence
supporting these theoretical results are summarized and presented. In Section 4, we prove convergence results for
the InDC-BE method. In Section 5, we study the linear stability properties of these InDC methods. Conclusions
are given in Section 6. We organize the description of InDC-IRK methods, the e-expansion of the numerical
solution, as well as the corresponding error estimates and the estimation of the remainder, into the Appendix
for better readability of the paper. Throughout the paper, for classical concepts and convergence results related
to RK methods applied to SPPs, we will cite the classical book on the subject [8] (with the Chapter numbering)
from time to time.

1.1. The IRK method applied to SPPs

In order to get more insight in the convergence estimates of InDC methods, it is useful to consider the
convergence results for the RK methods when applied to (1.2). We observe that when the parameter e in
system (1.2) is small, the corresponding differential equation is stiff, and when ¢ tends to zero, the differential
equations become a differential algebraic system. The corresponding reduced system, i.e. ¢ = 0, is the differential
algebraic equation (DAE)

y' = fy,2),
0=19(y,2), (1.4)

whose initial values are consistent if 0 = g(yo, z0). We assume that the Jacobian
9:(y, 2) is invertible, (1.5)

in a neighbourhood of the solution of (1.4). This assumption guarantees the solvability of (1.4) and that the
equation g(y,z) = 0 possesses a locally unique solution z = G(y) (Implicit Function Theorem), which inserted
into (1.4) gives

y' = f.G(). (1.6)

From now on we assume a Lipschitz condition for G. Furthermore, under the assumption (1.5), equation (1.4)
is said to be a differential-algebraic equation of index 1. For a definition of the index of differential algebraic
problems, we refer to [7, 8].

Now in order to solve system (1.2) we apply an IRK method. This gives

Yn+1\ _ [ Yn - ) K

(5) = (). .

where
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Yni _ n . kng
(5)- () o150 () »
Such method is characterized by the coefficient matrix A = (a;;) and vectors ¢ = (c1,...,¢s)T, b= (b1,...,bs)T.
They can be represented by a tableau in the usual Butcher notation,

5%- (1.10)

The coefficients ¢ are given by the basic consistency relation ¢; = Z‘;zl ;.
We now suppose that the matrix A is invertible and put ¢ = 0, we obtain by algebraic manipulations
from (1.7), (1.8), (1.9) that,

and the internal stages are given by

Yn+l = Yn + h Z bzf(Ynu Zm)
i=1 s (1.11)
Zn+1 = R(OO)Zn + hz biwijan,
i=1
where .
Yoi = yn + h Z(jzl aijf(Ym'a an)

(1.12)
0 :g(Ynth’)v

with R(o0) = 1 — Z‘;,j:l bjw;;, where R(z) is the stability function of the method and w;; the elements of
the inverse of the matrix A. We note that the numerical solution z,; is independent of ¢ and this represents
an interesting approach to solve the reduced system (1.4). In general the numerical solutions (1.11) do not lie
on the manifold g(y, z) = 0. Of special importance here is the following definition which will be an important
assumption in the next for the analysis.

Definition 1.1. An IRK method is called stiffly accurate (SA) if b7 = eI A with el = (0,...,0, 1), i.e., methods
for which the numerical solution is identical to the last internal stage.

Now we have a couple of remarks in order here.

Remark 1.2. By the non-singularity of the matrix A and with Definition 1.1, we have R(cc) = 0 for a SA
IRK method. This makes an A-stable SA TRK method L-stable. Note that a method is called L-stable if it is
A-stable and if its stability function R(z) — 0 when z — oo. For details (see Chap. IV.3 in [8]).

Remark 1.3. By Definition 1.1, we get for the numerical solutions y,11 = Yys, and z,41 = Z,s, i.e. they
are identical to the last internal stage of the method. Furthermore, by the second equation in (1.12), we have
Zni = G(Ya:) and then ¢(yn+1,2n+1) = 0, i.e. the numerical solutions lie on the manifold and it follows that
the numerical solution z,41 depends on y,y1, @.€. Znt1 = G(Ynt1)-

Remark 1.4. If the method is stiffly accurate, we say that the numerical solutions of the numerical
method (1.11), (1.12), with Z,; = G(Ys:) and zp4+1 = G(yn+1) are identical to the solutions of equation (1.6)
with the same Runge-Kutta method, [8].

Now we review the main convergence results of IRK methods for SPPs, for a detailed review we refer the
reader to [8,9]. This result represents the starting point of convergence analysis for InDC methods applied
to (1.2).

Under the assumptions of (Thm. 3.8 in Chap. IV.3 in [8]), the global error of an IRK method satisfies the
following convergence results

Yn — y(tn) = O(hP) + O(ehT™), 2, — 2(t,) = O(hTT).



ERROR ESTIMATES OF THE INTEGRAL DEFERRED CORRECTION METHOD FOR STIFF PROBLEMS 1141

In addition, if the method is stiffly accurate, we have
2n — 2(tn) = O(hP) + O(eh?),

where p is the classical order of the method, and ¢ is the stage order of the method, (i.e. condition C(q) of
Sect. IV.5 in [9]).

Our idea here is to use the error analysis of IRK methods applied to SPPs obtained in (Chap. V1.3 of [8]), and
extend them to the InDC methods. In fact, in order to do that, we perform an asymptotic expansion of smooth
solutions of the system (1.2) and similarly for the numerical solutions of an IRK method applied to (1.2). The
errors of the y and z-component are formally considered as

Yn — Y(tn) = Zgy(yn,u —Yu(tn)), 2 —2(tn) = Zgy(zn,v — 2,(tn)), (1.13)

v>0 v>0

where values y, (1), 2, (t) are coefficients of the e-expansion of the smooth solution for (1.2) and ¥ 0, #n,0, Yn,1,
Zn1,- .., represent the numerical solution of the RK method applied to DAEs of arbitrary order. Furthermore,
the first differences ¥y, 0 — yo(tn) and z, o — z0(t,) in the expansion (1.13) are the global errors of the RK method
applied to the reduced system (1.4), i.e. system of index 1. The other differences for v > 0 in (1.13) are related
to the numerical solutions of the RK method when applied to the DAEs of higher index. For details, see [8].

2. INDC FORMULATIONS APPLIED TO SPPs

In this section, we consider InNDC-IRK method for the solution of SPPs written in the form of (1.2). The use
of uniform nodes is important for the increase of high order of accuracy, if high order RK methods are used
in correction loops. This is related to the concept of “smoothness of the rescaled error vector”, when we apply
high order RK methods in correction loops, for more details see [5]. The use of quadrature nodes excluding
the left-most endpoint leads to an important stability condition for stiff problems, i.e. the method is L-stable
if A-stable with R(oco) = 0, see [12]. Then, in this paper, we consider the InDC methods with uniform nodes
excluding the left-most endpoint.

2.1. InDC framework
We consider InDC procedure [6] applied to a SSP,

y'(t) = f(y,2),  y(to) = yo, 2.1)
e2'(t) = g(y,2), z(to) = 20 '
The time interval [0, 7] is discretized into intervals [t,,tp41], n =0,1,..., N — 1 such that

O=tr<ti<ta<...<tp <...<tn=T,

with the step size H. Then, each interval [t,,t,+1] is discretized again into M uniform subintervals with
quadrature nodes referred to as

tniT0<T1<...<TMitn+1. (2.2)

Let h = % be the size of a substep. For simplicity of notation, we assume that h is constant. In this paper,
the interval [t,,t,41] will be referred to as a time step while a subinterval [7.,, 7m41] will be referred to as
a substep. We remark that the size of time interval [t,,¢,4+1] may vary as the InDC method is a one-step,
multi-stage method. We assume the InDC quadrature nodes are uniform, which is a crucial assumption for high
order improvement in accuracy, when we apply general high order IRK methods in prediction and correction
steps for a classical ODE system (1.1), (see discussions in [5]). We also note that since h = 4, we will use O(h?)
and O(HP) interchangeably throughout the paper.
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Let’s assume we have obtained numerical solutions yﬁn and z( ) approximating the exact solution at 7,
by using a low order numerical method for (2.1) for a single time interval [t,,t,4+1] with m = 1,... M. Here
superscript (0) is used to denote the prediction step in the InDC method. Let us assume that we build continuous

polynomial interpolants () (¢) and 2(°)(¢) interpolating these discrete values. Now we define the error functions

Ot =y(t) =90 ), dV(t) ==2(t) = 20), € [t tusa]- (2:3)

Note that e(®)(t) and d©(¢) are not polynomials in general. We specify the residual function with respect to y
and z via the following set of differential equations

5O ) = fF(HO(t),20(t) — (50) (1),

0 5(0 5(0 5(0 (2.4)
pO(t) = g(§0(t), 2O () — (29)(t).
Thus, by subtracting (2.4) from (2.1), the error equations about the error functions (2.3) become
(€)' (t) = 3O(t) = f(eD(t) +9°(£),dO (1) + 2O (1)) — F(5O (1), 20 (1)), (25)

e(d) (t) = pO(t) = g(e () + §°(t), dV (t) + 2O (1)) — g(5 (1), 2O (1))
A low order numerical method can be used to obtain numerical solutions éfg) and d£2)
error equations (2.5). Then the numerical solution can be improved as

at 7, by discretizing the

g0 =@ 46O 2D — 2O L JO -y — 0, M.

m

Such correction procedures can be repeated in each local time step [t,,, t,41]. In summary, the strategy of InDC
methods is to use a simple numerical method to compute numerical solutions 7 (t) and 2(%)(t) as prediction,
and then to solve a series of correction equations in the integral form based on equations (2.5), each correction
improves the accuracy of numerical solutions from the previous iteration.

Remark 2.1 (About notations). In our description of InDC, we let ¥, 2, em , d( denote the exact solutions
and exact error functions (without hat); and let gjy(,]f ), éy(,ff , ég,’f), dslrf) denote the numerical approximations (with
hat) to the exact solutions and error functions. We use subscript m to denote the location ¢t = 7, and use
superscript (k) to denote the prediction (k = 0) and correction loops (k = 1,...). We let = denote the vector on

InDC quadrature nodes, for example, § = (y1, ..., ym)-

2.2. InDC-BE method

In this subsection, we consider InDC-BE method for the solution of system (2.1). We use uniformly distributed
quadrature nodes 71, ..., 7y given by (2.2) excluding the left-most endpoint.

1. (Prediction step). Use a BE discretization to compute

= ~(0 ~ ~(0
as the approximation of the exact solution § = (y1,...,Ym,- .., yn) for (2.1) at quadrature nodes 71, ..., Tas.

We make the same for the z-component. This gives

(0 (0 (0
yy(nzu = ygn) + hf(ym+1a £n—)i-1)

52(0) 11 —52( +hg(y£,?)+1, £S)+1)

(2.6)

form=0,1,...M — 1.
2. (Correction loop). Let §*~1 and 2*~1) denote the numerical solutions at the (k — 1)th sequence correction,
for k=1,..., K with K the number of correction steps.
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(a) Denote the error function at the (k — 1)th correction by e*=D(t) = y(t) — §*~1(t), where y(t) is
the exact solution and §*~1(¢) is a polynomial of degree (M — 1) interpolating §*~) at quadrature
nodes 71, ..., 7y Similarly denote d*~Y(t) = z(t) — 2(F=D(¢). Let 6=V (t) and p*~1(t) be defined
by equation (2.4), but with the upper script (0) replaced with (k — 1). We compute the numerical error

(égkil), . .,ég@fl)) where ¢~ is the approximation of e*~1)(7,,) by applying a BE

method to the integral form of (2.5) with glk—b approximating e*~Y(r,,,) by applying a BE method to

the integral form of (2.5),

vector e(k—1) =

Tm41
é(k+1) A(k 1)+hAf(k 1) / 5(k_1)(8)d8,

N . T4 (2.7)
€d$ﬁ) :eds,f_l)—l—hAgff;ll)+/ p(k—l)(s)ds’
where (k— 1) (k—1) (k—1) .(k—1) (k—1) ~(k—1)
Afpir” = FOmag1” + g1’ Zm +dm+1 ) = FGmg1s 21 )s 2.8)
k—1) A(k—1 k—1) A(k—1 ’
Ag£n+1) _g(y£n+1) +e£n+1)’ v(n—i-l) +dm+1 ) — g(yy(n-s-l)vzy(n-s-l))’
and (k1) | (k1)
S S s)ds = [0 F0 D), 26D (s)ds — ] + g, o)

me+1 (k_l)(s)ds—me+1g(g](k_1)(S),2(k_1)( ))ds—ez(k 1) _‘_gA(k D)

Tm Tm

The integral terms f "™+ in equations (2.9) are approximated by a numerical quadrature. Especially, let

S be the integration matrix; its (m, k) element is
1

Tm+1
Sm’kzﬁ/ ag(s)ds, for m=0,....M -1, k=1,...M,

m

where ay(s) is the Lagrangian basis function based on the node ;. Note that S™* can be obtained from
the computation based on a standard interval [0, 1]. Let

M
F) = 5™ f(ys, %), (2.10)
j=1

then

hS™(f) - /Tm“ f(y(s), z(s))ds = O(hM*1),

m

for any smooth function f. In other words, the quadrature formula given by hS™(f) approximates the
exact integration with (M + 1)th order of accuracy locally.

(b) Update the approximate solutions §*) = g(#=1) 4 k=1 and z(0) = z(-=1) 4 A=),
Remark 2.2. Using the notation introduced in equation (2.10), we get from equation (2.7) and (2.9),
k (k) k—1 Pk
ygn—)l-l =g + h‘Afv(n+1) +hS™(fED), (2.11)
ez(kzrl =ezl 4+ hAgf,Ile) + hS™(gtk=1).

Remark 2.3. Since we consider the nodes excluding the left most quadrature point ¢y, the order of approxi-
mation for integration/interpolation will be one order lower than the usual one considered in [5, 6].

Remark 2.4. The InDC-BE described above, can be generalized to the InDC-IRK method, for solving
SPPs (2.1). To avoid heavy notations from the InDC-IRK method and for a better presentation of the pa-
per, we organize the description of InNDC-IRK method and the corresponding error estimates in Appendix.
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2.3. e-asymptotic expansion

In this section, we introduce e-asymptotic expansion of the exact and numerical solution for system (2.1).
This e-asymptotic expansion will be useful to study the behavior of the local error for the InDC method.

We are mainly interested in smooth solutions of (2.1) which provide the e-asymptotic expansions for ¢ > 0,
of the form

y(t) =Dy, =) =) z(t)e. (2.12)
j=0 j=0

As just pointed out in the introduction, we suppose that the initial values of (2.1) lie on the smooth solution,
i.e. that an expansion of the form (2.12) holds.

From (2.12) we note that the exact solutions have a power series in € and, considered a truncated series, a
remainder after any N + 1 number of terms could be obtained or estimated. In particular, for any ¢ € [0, ], the

remainder is bounded above by a term CneN*! with Cy > 0, for € small enough, i.e.
N ‘ N A
y(t) =Dyl + 0N, 2(t) =D z()e? + O(ENT). (2.13)
§=0 §=0

Furthermore we note that a sequence of DAEs arise in the study of (2.1). In fact, the coefficients in the
expansion (2.12) are the solutions of DAEs of different indices, for more details (see Chap. VI.3 of [8]). This is
obtained by inserting the e-expansion of the exact solution (2.12) into (2.1) and collecting terms of equal powers

of e. /

0. Yo = f (%o, 20) 914
° {Ozg(yo,zo) ’ (2.14)

vy = fu(yo, z0)y1 + f=(yo,20)21 = F1
I L o)

20 = 9y(Yo, 20)y1 + 9-(y0, 20)21 = G4
v yly = fy(yoazo)yV—'_fZ(yOaZO)ZV+¢V(y07203~“ayvflazufl) i]FV (2 16)

ev: , }
Z;—l = gy(yOv ZO)yu + gz(yOa ZO)ZV + ¢V(y0a 205+ -y Yv—1, Zu—l) =G,

with initial values ¥, (0), z,(0) known from (2.12). We observe that system (2.14) under the condition (1.5) is
a DAE of index 1. According to [8], if we consider (2.14) and (2.15) together, we have a differential algebraic
system of index 2. In general (2.14)—(2.16) is a differential algebraic system of index v.

Now let us look for an e-asymptotic expansion of the numerical solution at the kth correction step of the
InDC-BE method in the form

B =S e, =3 e .17
v=0 v=0

The case of k = 0 corresponds to the prediction step of InDC method. Then, inserting the above ansatz (2.17)
into the numerical scheme (2.6)-(2.9), and collecting terms of equal powers of €, we have the following:

e for the prediction step (k = 0)

(0 (0 (0 (0
50 ) y£n2|-170 = y7(n20 + hf(yinz‘rl,O’ 27(712"-170)’ (2 18)
: (0 (0 '
0= 9@ 1.0:20 1 0)s
- (0) _ ~(0) (0)
iy Uma1,1 = Ymoy + A1 1 (2.19)

(0 (0 (0
anzrl,o = 27(71,)0 + hng)H,p
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where
0 (0 . 0 (0 0
anzrl 1= fy(ymzrl 0% 7(71er O)y7(n+1 1+ fz(yfn)ﬂ 0 27(7;)+1 0) 7(71er 1
) ) (0 0 0 (0 (0
ngzrm = gy(ygnl-l,O’ v(nzrl o)yy(nzﬂ 1+ gz(yfnll 0% £nl—1 O)Zy(nlmv

e for the correction steps (k > 1),

k ~ fe—
yfnzrlo —117(7]: +hAfm+1o+hSm( (g 1)),

0 = hAAngl)o*‘hSm( - 1))7
k . (k k m (k=1
) ygn—)i-ll _y£n)1+hAF( +11+h5 ( ))
[ ~(k k- k— m k—1
7(71er 0= ) ot hAG! +1 1 +hS (Gg ))a

where in (2.21),
Af(kﬂl%) f(yfnzrl 0% 7(721 0) — f(yquﬂl)o» 7(7’:+11)0)
Aganrll)O = 9(?/7(7]:11 0% A7(7’:)+1 0) = g(y£f+11)0, 7(7’:+11)0)
and in (2.22),

k—1 k k—1
A]F( +1)1 - F( 1rl 1 IF‘7(n+l)1

(k . k k
(fy(ym+1 0 anll 0)y7(n+1 1+ fz(merl 0 27(7;)+1 o)%(nlm)

(h=1)  a(k—1) \ ~(k—1 (h=1) a(k—1) \ a(k—1
(fy(ym—i-l)O’ 7(n+1)0)y£n+1)1+f2(ym+1)0’ 7(n+1)0)zv(n+1,)1)’

where

k k k k k
m+1 1= fy(yfn)ﬂ 017 7(n)+1 o)yfn)ﬂ 1t fz(ym+1 017 fnll o) 7(n)+1 1+
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(2.20)

(2.21)

(2.22)

(2.23)

(2.24)

(2.25)

We note that both equations (2.18)—(2.19) for the prediction step (k = 0), and equations (2.21)—(2.22) for the
correction step (k > 1), are consistent discretizations of equations (2.14)—(2.15). It is possible to generalize the

e-asymptotic expansion to €” (v > 2), but we skip this to avoid heavy notations.
Finally, let e-asymptotic expansion of error functions e(®)(t), d*)(t) at the kth iteration be

eg]rf) — chjo—o e%c?ygy _ ZEO:O (ym v Qgrlf)y)&? .
d’(ﬁ) Zoo d7(" ve” Z;O:o(zm,u 27(1’:)1/)5

(2.26)

Note that in the above ansatz, we consider truncated series of (2.26) with estimate of the remainder as

e _ ( ) o+ e( ) £+ S,lf?ye” + 0"t
i d +d(k et dPe 1O )7

(2.27)

where a finite number of terms v are taken. We will see that v is related to the value ¢(?), i.e. the stage order

of the implicit RK method in the prediction step k = 0.
(k

In the later part of this paper, our goal is to give rigorous estimates of the coefficients em?y = Ym.v

(k)

(k)

_ymy

and dS’,i?y = Zm.w — Zmo, given by (2.12) and (2.17) for 1 < v < ¢(¥) +1 and, finally, estimates of the remainders

will be given.
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Similarly, we consider the e-asymptotic expansion of numerical approximations of error functions é*) (1),
d®)(t) at the kth iteration

A(k A(k (k1) (k)
67(71) — ZSO 0 67(”)1’6 — Ziozo(ygnﬂt ) - y7(n,)u)€ (2 28)
5(k) 5(k) 0o (p(kt1) _ s(k)\ p |- :
dm 2 vzo dmywe” 2vo(Emy = Zmy)e
Note that combining (2.26) and (2.28), we get with k,v >0, m =0,...M,
e®) = 6®) 4 D g J09 4 gk, (2.29)

Remark 2.5. Similar e-asymptotic expansions can be given for the numerical solutions of the InDC-IRK
method. Again, to avoid heavy notations, we organize them in Appendix.

3. MAIN RESULTS AND NUMERICAL EVIDENCE

In this section, we present the main theoretical results in the form of theorems, and provide numerical evidence
supporting the main theorems. We will provide a rigorous mathematical proof in the next section.

3.1. Main results

The aim of this section is to present convergence results of the InNDC-BE and InDC-IRK method when applied
o (2.1).

Theorem 3.1. Consider the stiff system (1.2), (1.3) with initial values y(0), z(0) admitting a smooth solution.
Consider the InDC-BE method constructed with M uniformly distributed quadrature nodes excluding the left-
most point and K correction steps. Then the global errors after K correction satisfy,

) — i) (k) = O 4 O(cH), (5.)
dif) = 5819 — 2(t,) = Q™M) 1 O(cH),

for e < cH and for any fired constant ¢ > 0, where H = Mh is one InDC time step. The estimates hold
uniformly for H < Hy and nH < Const.

Theorem 3.2. Consider the stiff system (1.2), (1.3) with initial values y(0), z(0) admitting a smooth solution.
Consider the InDC method constructed with M uniformly distributed quadrature nodes excluding the left-most
point and a stiffly accurate IRK method of order p®), stage order ¢'°) with (q(o) < p(o)) for the prediction step.
Apply IRK methods of different classical orders (p™),p3), ... ,p(K)) in the correction loops, k = 1,... K. Assume
that each of these IRK methods in the prediction and correction loops are stiffly accurate and the matrices A
are nonsingular. Then the global errors after K correction loops satisfy the estimates

(K) QSI ) y(tn) (/)(Hmm{sK M}) + O( Hq(o))
v (3.2)

d(K) 3 )—Z(tn) O(Hmm{sK,M}) +O( Hq(O))
for e < cH and for any fixed constant ¢ > 0, sg = Zszo p®)and H = Mh is one InDC time step. The
estimates hold uniformly for H < Hy and nH < Const.

From the above two theorems, it is observed that the order of convergence for the first terms in (3.1) and (3.2)
increases with the correction iteration k, whereas the order for later terms does not change with the number of
corrections k.

We note that (2.26), but replacing m with n, can be adopted to represent the e- asymptotic expansion of the
global error functions esLK) and d(K) at the Kth correction step, where esLKy) and d for v=20,1,..., are the
global errors of InDC stiffly accurate (SA) IRK method (InDC SA-IRK), applied to the dlﬁerentlal algebraic
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(K)

systems of different indices (2.14)—(2.16). In Section 4, we only prove Theorem 3.1 for estimating e, ,/ and d%{(,,)
with v = 0,1 for the InDC-BE method.

To avoid heavy notations and technical details, we prove Theorem 3.2 for general InDC-IRK methods and

estimate the remainder of the expansion (2.27) in Sections A.3 and A.4 in the Appendix.

3.2. Numerical evidence

We present some numerical evidence of the estimates given in Theorems 3.1 and 3.2. Below, we consider the

following InDC methods constructed with M quadrature points.

The InDC-BE method with k correction steps (InDC-BE-M-k). The BE method has order p = 1 and stage
order ¢ = 1.

The InDC method constructed with a second order stiffly accurate DIRK method in k& correction steps
(InDC-DIRK2-SA-M-k). The second order DIRK method (DIRK2-SA) has the Butcher tableau

v O
11—~~~ (3.3)
=7~y

where vy =1 — ‘/75 This method is stiffly accurate with order p = 2 and stage order ¢ = 1.

The InDC method constructed with a second order non stiffly accurate midpoint method in %k correction
steps (InDC-DIRK2-NSA-M-k). The second order midpoint method (DIRK2-NSA) has the Butcher tableau

1/2]1/2
T
This method is not stiffly accurate, with order p = 2 and stage order ¢ = 1.
The InDC method constructed with a second order stiffly accurate Lobatto IITA method (trapezoidal rule)
in k correction steps (InDC-LobattolIIA2-M-k). This method has the Butcher tableau

00 0
111/21/2. (3.5)
1/21/2

(3.4)

It is stiffly accurate with matrix A singular. It is A-stable but not L-stable (R(co) # 0), order p = 2 and
stage order ¢ = 1.
The InDC method constructed with a third order stiffly accurate Radau ITA method in the prediction step
and with the BE method in & correction steps (InDC-Radau-BE-M-k). The third order Radau ITA method
has the Butcher tableau
1/3[5/12 —1/12
113/4 1/4 . (3.6)
3/4 1/4

This method is stiffly accurate with order p = 3 and stage order ¢ = 2.

The indicated order of convergence by Theorems 3.1 and 3.2 for the y and z components in the SPPs are
summarized in Table 1. Below we discuss the convergence rates specified in Table 1.

For the InDC-BE-M-k method, the order of convergence will increase with k for the first error term in
equation (2.26) when ¢ < H and k < M — 1, leading to a term of H™®»*+LM) for the differential and
algebraic component in (3.1). The BE method has stage order ¢ = 1. The order of convergence for the
second error term in equation (2.26) will be determined by the stage order of the prediction ¢ =1 when
k increases, leading to a term of e H in equation (3.1).

For the InDC-DIRK2-SA-M-k, the order of convergence will increase with k by 2 for the first error term in
equation (2.26) when ¢ < H and k < M — 1, leading to a term of H™"2Fk+1.M) for the differential and
algebraic component in equation (3.1). DIRK2-SA method has stage order ¢ = 1. The order of convergence
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TABLE 1. Global error predicted by Theorem 3.1 and Theorem 3.2 with H > ¢. Note that
‘SA’/*'NSA’ means stiffly accurate/not stiffly accurate.

Method y-comp z-comp
InDC-BE-M-k grintk+1,M) o o rp Fminke+1LM) o
InDC-DIRK2-SA-M-k FRin@ReA)M) o pmin(2(e+1),M) o gy
InDC-DIRK2-NSA-M-k diverges diverges
InDC-LobattolITTA2-SA-M-k diverges diverges
InDC-Radau-BE-M-k Fmin(+kM) o opr2  ppmin(3+k,M) 4 _pr2

for the second error term in equation (2.26) will be determined by the stage order of the prediction ¢(®) = 1
when k increases, leading to a term of e H in equation (3.1).

e An important ingredient, suggested by the analysis, is to require that the methods to be stiffly accurate, i.e.
agj = bj for j =1,..., s and that the matrix A is nonsingular. Such a choice provides a significant benefit for
the convergence of the numerical solution, without which the numerical solutions will diverge. For example, if
we consider using the second order non stiffly accurate DIRK method in both the prediction and k correction
steps of an InDC framework with M quadrature points (InDC-DIRK2-NSA-M-k), divergence results are
expected (see Fig. 2). Note that in the analysis for InDC-IRK method in the appendix, a satisfactory
theoretical explanation of this fact is given. Finally, if we consider using methods with singular matrix A,
as for example the second order Lobatto IIIA method, in both the prediction and k& correction steps of an
InDC framework with M quadrature points (InDC-LobattoIITA2-M-k, right plot in Fig. 2), again divergence
is expected.

e For the InDC-Radau-BE-M-k, the order of convergence will increase with k& by 1 for the first error term
in equation (2.26) when ¢ < H and k < M — 1, leading to a term of H™"G+kM) for the differential and
algebraic component in equation (3.1). Radau ITA method has stage order ¢ = 2. The order of convergence
for the second error term in equation (2.26) will be determined by the stage order of the prediction ¢(®) = 2
when k increases, leading to a term of e H? in equation (3.1).

For numerical verification, we first consider a scalar example [§]
ez’ = —z + cos(t) (3.7)

with the analytical solution
A1) = cos(t) + esin(t)
1+4¢?
where C' = z(0) — 1 is determined by the initial condition. For a consistent initial condition, let C' = 0. This is
a good example to investigate the order of convergence for the ! term in equation (1.13), as the error for £°
is 0. Indeed, for stiff parameter ¢ = 1076 only a region of first order convergence is observed for the BE method,
where the global and local error given for the z-component is O(eH) (see Cor. 3.10 in [8]). Figure 1 gives
the one step error (local error) and global error of BE method, expected O(¢H) is observed. We also test the
InDC-DIRK2-NSA-3-1 and InDC-LobattolIIA2-SA-4-2 method. Numerical results are presented in Figure 2.
Divergence results are observed when time step is large compared to ¢ if an InDC-correction is performed.
Now we consider the van der Pol equation [8] with the well-prepared initial data up to O(e%)

(v o= o o (33)

e =(1—-y*z—y 2(0) = -2 4 0 — 22¢

+ Cexp(—t/e),

e Numerical results of the InDC-BE-3-2 method are presented in the upper row of Figure 3. The order of
convergence for ¥ term would increase with the correction loops. The €' term of error behaves like O(cH)
for both y and z components.
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10°

One step error from Backward Euler

First order backward Euler

10° 10"

FIGURE 1. Scalar example. Local, i.e. one step error (left plot) and global error at T' = 0.5
(right plot) of BE method. O(eH) is observed in both plots with ¢ = 1076.

1020

IDC-second order NSA DIRK

10

Error
5]

-10

10

20

10°

IDC-second order Lobatto IlIA methods

Fb

FIGURE 2. Scalar example. ¢ = 10~%. Left: global error (T = 0.1) of the InDC-second order
DIRK method that is not SA with three quadrature points and one correction step. Right:
global error (T'= 0.1) of the InDC-second order Lobatto IITA method with matrix A singular,
four quadrature points and one correction step.
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e The numerical results of the InDC-DIRK2-SA-4-1 method are presented in the middle row of Figure 3. The
order of convergence for € term would increase with second order with the correction loop. The €' term of
error behaves like O(¢H) for both y and z components.

e The numerical results of the InDC-Radau-BE-6-2 method are presented in the botton row of Figure 3. The
order of convergence for € term would increase with first order correction loop and is observed to be O(H?®).
The €' term of error behaves like O(¢ H?) for both y and z components.

Numerical observations in Figure 3 are consistent with Theorems 3.1, 3.2 and Table 1. Especially, it is observed
that the InDC SA-TRK methods exhibit order reduction both in differential and algebraic components. They
produce an estimate for the y and z component in the form of equation (3.2). For example, in Figure 3, we

1

observe a behavior like e,

(k) _

O(H3)+ O(¢H). Furthermore, if the step size H > e=x—«* | O(H**) is dominant,
1

otherwise the term O(SH‘J(O)) is observed. We observe that in the neighborhood of H ~ e=x-4? | we have a

cancellation of error terms between O(H®*) and cO(H q(o)), if error constants are of opposite signs, see for
example the plots in middle and bottom rows of Figure 3.
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FIGURE 3. Van der Pol equation. Global error (T' = 0.5) of the InDC-BE-3-2 method (upper
row); and of the InDC-DIRK2-SA-4-1 method (middle row); and of the InDC-Radau-BE-6-2

method (bottom row). e = 1075,

4. PROOFS OF MAIN RESULTS

In this section, we prove Theorem 3.1, which is a special case of Theorem 3.2. By proving Theorem 3.1
through several lemmas, we demonstrate the basic ingredients of the general proof for Theorem 3.2 presented
in the Appendix. Our error estimates are based on the e-expansion outlined in Section 2.3.
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4.1. Error estimates for Theorem 3.1

We perform local error estimate for Theorem 3.1 by two Lemmas. We again note that since h = %, we use
O(hP) and O(H?P) interchangeably below in our proof. We then prove the global error estimate based on the
two Lemmas.

Lemma 4.1. [? error term] Let us assume that the reduce system (1.4) with e = 0 satisfies (1.5) and that the
wnitial values are consistent. Consider the InDC-BE method constructed with M uniformly distributed quadrature
nodes excluding the left-most point and k correction steps, i.e. (2.18) for the prediction step and (2.21) for the
correction one, with k = 1,..., K. Then the numerical solutions satisfy the following local error estimates at
each interior node of InDC T, with m =0,..., M,

i = Ym0 = Joro = O(RMRF2MAD) g — 2 o — 501 = O(hmin(k+2004D), (4.1)
with
9@50: ) = 0, (4.2)
fork=0,...,K.

Proof. For k = 0, equation (4.2) is a consequence of the consistency of the initial conditions for system (2.14).
Then we start to prove the local error estimate (4.1) for the prediction step (k = 0). For the exact solution, by
equation (2.14) and assumption (1.5), we have for the yo(¢) component, equation (1.6) and g(yo(t), z0(t)) = 0.
By equation (1.5), it follows that zo(t) = G(yo(t)).

For the numerical solution, we have (2.18). By g(yf,?)o, A(O) o) =0, with m =0,..., M, we get 20 g(yg)o)

m,0 —

with g ym being numerical solution of the ordinary dlﬁerentlal equatlon (1.6). Then from classical error estimates

for the BE method, we have for the local truncation error \ym,o — with m = 0,..., M, for some

constant C,,, independent of H. Therefore, |gj7(,??0 — Ymo| = O(h?) and by zfg)o = g(ym 0) and the Lipschitz

condition of G, it follows that |27(3?0 — Zmo|l = O(h?) with m = 0,..., M.
Now we prove the local error estimate (4.1) and equation (4.2) for the correction step k = 1, assuming
a fixed M > 1. By g(yfn)o, 7(71)0) = 0 in the prediction step, from the second equation in (2.21), we obtain

g(yﬁ)o, 7(,1)0) =0, with m =0,..., M, i.e. equation (4.2) with k£ = 1. Then, from the condition (1.5) it follows
gD = Q(yfn o), and this gives from (2.21)

mO_
900 = 05+ h(F G0 0) = F@0s10)) + hS™ (), (4.3)

where f(301 o) = F(80 1 0: G001 0)) and S™(F) = S(F(3,G(3")))- The method (4.3) for updating

yfm)o represents the first correction step of the InDC-BE method to solve the non-stiff ordinary differential

equation (1.6). Therefore, from classical error estimates of InDC-BE method when applied to a non-stiff ordinary
differential equation in [5], we have |ym,0 — y | < Oy, h3 for some constant C,, independent of h with h < hg.

Therefore |y, 0— y(l) | = O(h?) and by A,(n)o = Q(yfn)o) and Lipschitz condition of G, we get |2, 0—2,,’ 0\ = O(h?),
Ym=1,...M and h < hg. The estimate for general k > 1 can be proved in a similar fashion and by mathematical

induction With respect to k. g

Lemma 4.2 (¢! error term). Assume condition (1.3) holds and initial values of the differential algebraic sys-
tem (2.14)—(2.15) are consistent. Consider the InDC-BE method constructed with M uniformly distributed
quadrature nodes excluding the left-most point, and with (2.18)—(2.19) for the prediction step and (2.21)(2.22)
for the correction step with k = 1,..., K for solving the differential algebraic system (2.14)—~(2.15). Then the
local error estimates of the InDC-BE method

e =yt — G0 = Oh2), AP} = 2y — 2 = O(h), (4.4)

m,1

hold for m =1,..., M at the interior nodes of InDC, and for k=0,..., K.
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Proof. The proof for the case of k = 0 (prediction step) is a consequence of (Lem. 4.4 in Chap. VII. 4 in [8]). We
then consider the first correction step with k = 1 and assume a fixed M > 1. We prove (4.4) by mathematical
induction w.r.t. m. Especially, we know e () 1 = d(l) = 0, with m = 0. We assume (4.4) is valid for 0,...,m.
We will prove that (4.4) is valid for m + 1. The integration of (2.15) over [T, Tm+1] gives

m = Y + Tm-+1 ]F d :
el Ym+1,1 = Ym,1 fTv’Z;,H 1(r)dr (4.5)
Zm+1,0 = Zm,0 + f‘rm Gq (T)dT,
with Fy and Gy defined in (2.15). We consider now
1 (1 1 (1
ev(n)Jrl,l = Ym+1,1 — yfnzrl,l’ dv(n)Jrl,l = Zm+1,1 — anzrl,p (4.6)

i.e. the difference between the exact and numerical solution at 7,4+1. From (2.24), as well as from the esti-
mates (4.1) in Lemma 4.1, we have

k—1) k—1
ARG = ftnaih + S + O, (4.7)
Here we used the abbreviations fy = fy(Ym+1,0, 2m+1,0) and similarly for f.. Equally, we have
k—1 1 S(k—1
Ang+1)1 = gyt £n+1,)1 + gzd£n+1,)1 + O(hk+1)~ (4.8)
Then from (4.7) and (4.8) for k =1 it follows

AFQZA 1= (fyqungl 1+ fz m+1 1) +O(h?),

4.9
AGO (g 6© 0\ 4 om? (49)
m+1,1 (9y€m+1,1 + g2dpy1 1) + O(R?).
Now subtracting equation (2.22) from equation (4.5) this gives
1 1 ~(0 ~(0 T
L egnl—l 1= €£n)1 - hAIanZH | — hSm(EFD) + S F(r)dr,
el (4.10)

d7(711)+1 0= hAGm+1 | —hS™(G) + S Ga(r)dr

On the right-hand side of the equations in (4.10) we add and subtract the following quantities: hS™(Fy)
and hS™(G1), these are the integrals of (M — 1)th degree interpolating polynomials on (7,,, F1(7,,))M_; and
(T, G1 (T ) )M_, over the subinterval [7,,, Ty+1], hence they are accurate to the order O(RM+1) locally, i.e.
f::”rl Fyi(7)dr — hS™(F;) = O(hM*1). By the local error estimates in Lemma 4.1, as well as equation (4.4) for
k = 0, it follows that S™(F;) —S™(F;) and S"™(G;) — S™(G,) are accurate to the order O(h). Thus, from (4.10)
we get

1 0
egnl-ll = egnl (fye +11+fz gnzi-l 1) + O(h?),

(4.11)
1 1 (0 (0
dgnl—l,o = d£n?0 h <gy gnzi-l 1+ gzdgnzi-l,l) + O(h?).
Now from (2.29) and (4.1), we have
(0 (1 (0 0 1 1
( )1 = yy(n) - y£n)1 = egn?l - em?l = _egn?l + O(h2)7
5(0) (1) 0) _ (0 1) (1) (4.12)
d 1= =z 1 2m,1 = dm,l _dm 1= _dm,l —|—(’)(h),
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and put it into equation (4.11) gives,

1 1 1
ev(n)Jrl 1= 67(7@)1 +h (fyefnzrl 1t fz m+1 1) + O(h?),

(1) Q (1) (1) (4.13)
Api1,0 = Ao + 1 (gy emt1,1 T 92y, 1) +O(h?).
Now using the estimate (4.1) about dgn)o, from the second equation in (4.13) we obtain
1 _ 1
Ay = =g gyl 1+ O(), (4.14)
with the invertibility of g,. Inserting this into the first equation in (4.13) gives
e = (= h(fy — 295 1g,) el + OB 4.15
m+1,1 y 29z Gy €1 T (h%). (4.15)

Finally em+1 1 = O(h?) follows from (4.15), and dgl_m = O(h) from (4.14). The estimate for general k > 1 can
be proved in a similar fashion and by mathematical induction with respect to k. O

Remark 4.3. In [4], the InDC method constructed with explicit RK methods in the prediction and correction
steps has been reformulated as a high-order explicit RK method whose Butcher tableau is explicitly constructed.
Similarly, the InDC-BE can be viewed as an IRK method with the corresponding Butcher tableau. Below we
present the Butcher tableau for the InDC-BE method with one loop of correction step. This takes the form

c|T Z
clP T (4.16)
by by
where ¢ = ﬁ ..., M]T, Z is a M x M matrix of zeros, T and P are M x M matrices, with
100 ...0
110 0
T=2 | ,
M D
111 1
(5?11 - ﬁ) ~ Stz Sl,M—l Sl,M
P (So1— 77) (S22 —47) .. So,m—1 So.mr
(Sari — 27) (Sar2 — 22) oo (Sarar—1 — ) (S — )

where the term S'ZJ ft o (s)ds with «;(s) the Lagrangian basis functions for the node 7;, and the vector

- 1 ~ 1 ~ 1 1
of = (8= 7) (Swz=g7) oo (S =) ) o= gpanm)

Now from remark 4.3 the following proposition follows.

Proposition 4.4. The InDC-BE method with K correction steps is an implicit stiffly accurate IRK method
with an invertible matriz A in the Butcher tableau (1.10). Especially when K =1, we get

A= <£§> (4.17)
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Remark 4.5. In the estimates in Lemma 4.2, we show that there is no improvement for 67(,,’:?1 and dg:?l as k
increases, see equation (4.4). This is consistent with our numerical evidences presented in the previous section.
The reason is that both the local and global error for the z-component in the prediction and correction steps is
of first order. This sets the bottleneck for the order increase in the second equation of (4.11).

We are now in the position to prove Theorem 3.1 by the local error estimates of the two lemmas above.

Proof of Theorem 3.1. Our first step here is to estimate 67(5)) and dg,?. For this, from Lemma 4.1 we have after

one step from ty to t1, the local error estimate
(K i
yolts) — Gy = O(HMMUIH2AHD), (4.18)
with m = M and 7y = t; in equation (4.1). In the estimate of the global error from local error, we obtain

eno = yo(nH) = gy = O(F™UITLAD),

n7

It thus follows from (4.2), and by the Lipschitz condition of G, that
ds:(o) _ Zo(TLH) o 27(115) _ O(Hmin(K+1,M)).

(K

Now our next aim is to estimate e,
,

) and dff?. From Lemma 4.2, we have for the local error estimate

yi(h) = gy = O(H?). (4.19)
By Lemma 4.2, the proof of the global error estimates for y and z is similar to that of (Thm. 4.5 and 4.6 in
Chap. VII. 4 of [8]). Thus we obtain
et = yi(nH) =95 = O(H), Y = z1(nH) = 2] = O(H),

n,l
which proves the statement. O

Remark 4.6. Similar error estimates can be given for the InDC SA-IRK method. We present and prove these
error estimates in Appendix.

5. STABILITY PROPERTIES

One important aspect of stability of numerical integrators can be visualized by the stability region [8] in a
complex plane around the origin. For implicit methods discussed in Section 3, we plot their stability regions
in Figure 4. In these plots, the region outside the bounded domains are the stability regions. Note that in
these methods, the left-most quadrature point is always excluded in the construction of the InDC method. The
following observations can be made.

1. In general, as more InDC corrections are performed, the stability region shrinks.

2. The InDC-BE method appears to be A-stable with M quadrature nodes and with up to M — 1 correction
loops for M = 4 and M = 6. For the other M’s, it appears that such conclusion still holds in our tests for
M < 8. Note that such methods can be viewed as diagonally implicit RK methods.

3. The InDC-DIRK2-SA method appears to be A(«)-stable with one and two correction loops, with the angle
« decreasing as more correction loops are taken.

4. Among three different implicit RK methods, the InDC method constructed with the BE method appears to
have the largest stability region.

Now we prove the following proposition. We notice that a similar result on the InDC method using the first
order BE scheme was established earlier in [12].
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FIGURE 4. Stability regions for InDC-BE method with 4 quadrature points (upper left) and 6
quadrature points (upper right) with various correction loops as indicated in the legend. Lower
left plot shows the stability region for the InNDC-DIRK2-SA method with 6 quadrature points
with zero, one and two correction loops as indicated in the legend. Lower right plot shows
the stability region for the InDC-Radau method with 6 quadrature points with zero and one
correction loops as indicated in the legend.

Proposition 5.1. Let R(z) be the stability function of the InDC method constructed by a stiffly accurate IRK
method with nonsingular matrixz A in the corresponding Butcher table. We assume M uniform quadrature points,
but excluding the left-most point, are used. Then lim|,|_ R(z) = 0. That is, the method is L-stable, if A-stable.

Proof. We consider the linear scalar problem ¢ = Ay with z = Ah and y(¢ = 0) = 1. For a stiffly accurate IRK
method with nonsingular matrix A the numerical solution for this linear scalar problem is equal to the last
internal stage and the corresponding stability function is

R(z)=e"(I - A2)™"1 (5.1)

with e = (0,...,0,1)7 and 1 = (1,1,...,1)T such that for z — oo, we get R(c0) = 0, [8]. Let R (z) be the
amplification factor of the InDC method in the kth iteration at the m-th quadrature point. In the prediction

step, .
=2 - ((3)"
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Hence lim|,| o RSS)(z) =0, form = 1,..., M, as for the IRK method lim‘z‘HmR(ﬁ) = 0. Let RO =

(Rgo), . ,Rg\?[))7 then lim,| o, R(®)(2) = 0, where 0 is a zero vector. Note that this is true only if the left-most
point is excluded.
In the first correction step, on the first subinterval [0, At/M], the amplification factor of the updated solution

at the IRK intermediate stages can be represented as a vector rgl) with the length of the vector being s, the
stage number of the IRK method. Then, with the help of Butcher table notation in Remark 4.3,

AP

rV(z) =1+ =A@V —PRO)425RO = 1+ = ArV 4z (-2 + ) RO, with1=(1,...,1,1). (5.2)
M M M

Here we let P and S are interpolation and integration matrices of size s x M they are coefficients that maps

the M function values at quadrature nodes to approximate function values at s IRK intermediate stages (¢; /M,
t=1,...,s) and over s integrals ([0,¢;/M], i =1,...,s). Hence,

(1) z -1 z -1 AP (0)
ry(z) = (I——A) 1—|—(I——A) z<———|—S RY.
Since the IRK method is stiffly accurate, then

RUP(z) = e rV(z),  withe=(0,...,0,1)7

o (1- %A>_11+eT~ (I—ﬁA>_1z(_AﬁP+S> RO

5. -1
Y Rz + e (r- %A) 2 (—Aﬁp + S) RO (5.3)

Hence

lim Rgl)(z) = lim R(z;)+e lim ((I - iA)*lz> (—A—P + S) lim Ry =0,

|z| =00 |zi| o0 |z| =00 M M |z| =00
since lim|;| o Ro = 0 from the prediction step. Similar procedure could be repeated for other subintervals
by a mathematical induction argument with respect to the m, from which we have lim,|_, RQR (z) =0, for
m = 1,... M. Specifically, lim|,|_ ’RS\? (z) = 0 after the first correction loop.
The same conclusion holds for the future correction steps by the mathematical induction argument with
respect to the correction loop k, i.e. lim;_ Rsl,f) (2)=0,m=1,... M. O

Remark 5.2. The above result can be generalized to the case when quadrature nodes are not uniformly dis-
tributed. On the other hand, the assumption to exclude the left-most point is necessary to guarantee the
L-stability. Specifically, if the left-most point is included, then lim|,|_,o, Ro # 0, due to its first component.

Remark 5.3. From the stability plots in Figure 4, the InDC-BE methods are L-stable when M < 8 and for
the number of iterations k < M.

6. CONCLUSIONS

This paper studies the order of convergence of the InNDC-BE and InDC-IRK methods when applied to SSPs,
using uniform distribution of quadrature points excluding the leftmost point. We applied the technique of
asymptotic expansion in powers of ¢ for the smooth exact solution and for the corresponding numerical solution
presented in [8,9]. Two Theorems on global error estimate in the form of e-expansion are presented and proved.
Especially, we point out that the InNDC methods improve the order of the e-independent error, but there is no
order improvement on the higher order terms £ (v > 1). Such asymptotic analysis enables us to understand
the phenomenon of order reduction for InDC methods when applied to stiff problems. A solution in order to
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solve this problem is not a trivial matter. In fact, as mentioned in Remarks 4.5 and A.8, the bottleneck is the
order reduction phenomenon in the prediction step. Further deep studies are required. It is an interesting topic
for future investigation but it is beyond our scope in this paper. Numerical results on van der Pol equations
confirm these convergence results.

APPENDIX A.

In the appendix, we extend the error estimates of the InDC-BE method to InDC-IRK method when applied
to SPPs. We first describe the InDC-IRK method applied to (1.2), then perform an e-expansion of the numerical
solution of this method, and finally we prove Theorem 3.2.

A.1. InDC-IRK method

We consider the InNDC-IRK method constructed with s-stage IRK methods, where A matrices in the Butcher
tableau (1.10) are invertible. For the internal stages in the IRK method, we introduce the integration matrix
and interpolation matrix as following

Tm+Cmih
hSemik = / ar(s)ds, PF = o (T + cmih), (A1)

m

VYm=0,....M -1, Vk=1,...M and Vmi = 1,...s, where mi is index used for the ith-stage of the IRK
method over the subinterval [7,,, T;mt1]. Here ai(s) is the Lagrangian basis function based on the node 7. Let

M
SC"” f ZS(‘mljf y]azj) PC"”(JF) = chmyhjf(ijzj)a

then we have rodcih
nsee (P = [ H(s) 2(s))ds = OB, (4.2)
PErt(f) = f(y(mm + eih), 21 + cih)) = O(hM), (A-3)

for any smooth function f. In other words, the quadrature formula given by hS¢mi(f) approximates the exact
integration with (M +1)th order accuracy locally, while the interpolation formula given by P ( f) approximates
the exact solution at RK internal stages with Mth order accuracy locally.

To compute the numerical error approximating the error function e*=1(7,,), d*=1(z,,) with a general IRK
method to (2.5), we obtain

§-D ) XD 4 b [ 5(7 + Th)dT o Z ) ARG "
ed® 7D ed®V 4 b [ p(r + Th)dT =\ agen ) ’

and

EAT(ZLC;D et + hfy™ 0(Tm + Th)dT 5 A/@ﬁ,’j;”

chk= gt [ plm 7y + h;aij g0 | (A.5)
with

ARGV L (02080 — pes (700 "

ALY ) N\ oWl Zud) = Pere ()

FOVE ZEN)  p(pems (1)), pems (3-1)))
- v k) emi (F(k—1)\ Demi (k1) +0(hM), (A.7)
g( mi ’Z ) g(P ’"”’(y ),P "”'(z ))
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where we put
O (k Comi (A (k— ~(k—1 5(E) _ pems(3(k— A(k—1
Vi = Poe (g0 + BGTY, 20 = peme (20 £ DY, (A8)

and equation (A.7) is due to the high order interpolation accuracy of Pmi  see equation (A.3). We can rewrite
the system (A.4) and (A.5) as

G — STV (@5,’? ) S AR -
527(7511 hS sy A'(’Zf) i=1 ' AEA%;U 7 .
v pgeme (=l () s ARE=D
with
S}"’(kfl) _ Sm(f(k—l)) S]c?,,m,(kq) _ Scm,i(f(k—l)) e
Sg m,(k—1) _ — §m(3k-1) ’ ng,(k 1) — Gemi (§0=1)) '

Remark A.1. Under the assumption A invertible, from the second equation of (A.10) we obtain in vectorial

form

RALG=D = 4= (220 23001 _ pge(3k-D)),

with ALG=1) = (Aﬁ(k D Sees Aﬁgf;l))T, 1=(1,...,1)T and € = (¢n1, - - -, Cms). Inserting this into the second
equation of (A.9), we get
e2%) | = eR(00)2) + ebT AT ZM) 4 h(S™(51) — pT AL57 (D)), (A.12)

Of special importance now are stiffly accurate RK methods, i.e., methods which satisfy b7 A~! = eI. This

implies R(co) =0 and b7 A=18¢(g—1)) = T 5¢(gh=1)) = 5™ (g(*=1). Hence by (A.12) we have: zfﬁ_l: k).

A.2. g-asymptotic expansion of InNDC-IRK methods

We formally expand the quantities AIC k 2 AL k Y from (A.6) and Y, ’z) ZAS;), gf,’jll, 27(2_1 from (A.8)

and (A.9) into powers of ¢ with e- mdependent coefﬁments

@Sr]f)zyfn) + ey (k) +62Q£,]f) +...,
VAYUE Y(k) +€Y(k) +€2Y7£”2+
AR = ARE D eak D +s2A/c,,{jz RN
(A.13)

r(r]f) —z(k) +€z(k) + €22 (k) ot
2% = 28 ez +522(’?

m

AZED = a2tk D ALY 4 AR 4 2 Af0TD 4

mi,0 mi,l
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Inserting (A.13) into (A.6) we obtain

0 ARED = ™ ZK) Ny ppemi (g8 pemi (2 1 oM, (A.14)

mi,0 mi,07 mz,O)
o ICng 11) (f (Yg?Oer(r’:i),o) +f( m’i)Oangz)O)ng]fZ), )
= (F o @), Pom (B D) P ()

FLPe (D), P () P () ) + o), (A.15)

ans so on. Similarly, we have

ALYTY = g0, 28 ) — g(Pemi (g, Pemi (2 1)) + 0(rM), (A.16)

mi,00 “mi, O)

ALY (gy( y (k) (k)

m,0 mt,0°0 “mi,0

W+ 9: (V0. 280250,
Cmi Cmi k— Cmi (57T
— (g (P (@), Po (B D) Po (g Y)

Cmi (7} k—1 Cmi (4 k—1 Cmi (5 k=1
g (P (G ), P B Pen (2F7D) ) + (),

(A.17)
ans so onm.
Because of the linearity of relations (A.9) and (A.10), we have to order €” with ¥ = —1 in vectorial form
hAALE ) +hSe(G) =0, mTALl™Y) +hs™(G) =0, (A.18)
and for v > 0,
G — hSE Y i SN it e
5 ) +h> b o | (A.19)
FmAly hS Gut1 i=1 A[’mz v
) () (5
m,v _|_ h v , A.20
A hSC"“’ (=0 ; ALY A2
Gu41 - mj,v
where (k—1) S (k—1) (k—1)
m (T m, m
Sfy = S (F—D), Sy =8 (GEY). (A.21)

Similarly for SC’"’ (k=1 ohd Sfmu (k— 1y
Gu41

A.3. Proof of Theorem 3.2

Before proving Theorem 3.2, we first give some preliminary results as propositions. We remark that the
crucial assumption in Theorem 3.2 is that the IRK method is stiffly accurate. In the case that this property is
not satisfied, the method becomes unstable and the numerical solutions diverge, (see Fig. 2).

In order to justify this, from the invertibility of matrix A and by the first formula in (A.18) we get

ALY = —A7187 (), (A.22)
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substituting now into the second formula in (A.18) yields
T A7Lse(gRY) 4 5m(gk—b) = 0. (A.23)

Then we have the following result as an immediate consequence of the fact that the IRK method is stiffly
accurate:

Proposition A.2. Fquation (A.23) is automatically satisfied, if the IRK methods in the prediction and correc-
tion steps of the InDC method are stiffly accurate.

Proof. An IRK method is stiffly accurate if
prA—t =T, (A.24)

with e = (0,...,0,1)T. From (A.23) we get
—el'S%(g* 1) + sm (gt = 0. (A.25)

Since the last row of the spectral integration matrix is s™* = f:’"ﬂsh k(7)dT by (A.24) we get ¢s = 1 and

then fT:’+C o k(T)dr = ft":“ (7)d7. This yields that eZ'5¢(g*=D) = §7(§(*=1), and the equation (A.25)
is satisfied. O

Furthermore, similar to the Proposition 4.4, we have the following result for InDC-IRK methods. This Propo-
sition follows from Remark 4.3. In fact, similar reformulation have been performed for the InDC method con-
structed with explicit RK methods in the prediction and correction steps [4].

Proposition A.3. The InDC method constructed with stiffly accurate IRK methods can be considered again as
a stiffly accurate IRK method with a corresponding Butcher Tableau as in (1.10) with the matriz A invertible.

Now we are in the position to prove Theorem 3.2 via the following two lemmas.

Lemma A.4. (20 error term) Consider the reduced system (1.4) satisfying (1.5) with consistent initial values.
The numerical solutions of the InDC method after k correction loops have the following local error estimates at
the interior nodes 1, m=0,... M,

e(k)0 _ O(hmin(sk+1,M+1))7 dff,)o _ @(hmin(skﬂ,Mﬂ))_ (A.26)

m,

Proof. Since the IRK method in the prediction step is stiffly accurate, by definition (1.1), we have bT A~! = e
This implies that the numerical solution is equal to the last stage of the method, i.e. zﬁs)ﬂ 0 = Z(O) o and

ygnl_l . Y( ) o- By g(Yrgg)o, Zﬁgl)o) =0, we get Z( ) = Q( ) for all mi and, in particular, ZT(,SZ 0= Q()A’n(g)vo).
Then this gives zﬁn)ﬂ 0= g(yfnll 0)-

Now, by the fact that the IRK method is stiffly accurate and that 5(()0) = (g(ygog7 25 3) (g ](\2?0)) =0
in the prediction step, for the first correction step, i.e. k = 1, it follows from (A.19) with v = 0

~(1 1 m 0 s 0
9D o= 300+ RS (D) + B b AR,

(1 (1 (A.27)
g(ygnzrl 0% v(nzrl 0) =0,
where, from (A.20), we have for the internal stages
o-(1) A(l) i ( F(0
mi,0 T + hS* ( ) + h Z —1 ij A’ij 0 (A28)

gD Z(l)

mi,00 “msi,0

) = 0.



ERROR ESTIMATES OF THE INTEGRAL DEFERRED CORRECTION METHOD FOR STIFF PROBLEMS 1161

Now, from the invertibility of function g., by (A.27) and (A.28) we get 27(71270 = Q(YSZ?O) and égll,o = Q(lel,o).
Thus the IRK method reads

Vo = inlo + B 35y ai AR o + WS (o),

m K 5 A.29)
(1 (1 0 my #(0 (
I 0 = 95 + B AR o+ hS™(fE7),

where féo) = (f(yé?g, Q(yé%)), e f(gj(\‘})o, Q(gj](\g)o)). The scheme (A.29) of updating ;QSLLO can be interpreted as
the applying a correction step of the InDC method to the ordinary differential equation (1.6). Therefore applying
similar local truncation error estimates as in [4,5] for InDC frameworks using RK methods when applied to a
classical ordinary differential equation, we obtain the local error estimate

hylo = O(nmin(2 L AD), (A.30)
for m=0,... M, with s = p(® 4+ p(). By 22}0 = g(g)ﬁ}o), using the Lipschitz condition of G, we get
Ao = Zmo — 2y = O(pmn(2 LM AL (A.31)

Similarly, at internal stages of the IRK method, by 22270 =G (}A/n(llz)o), we have the following local error estimates,

ESZ)O = yo(Tm + c;h) — ?n(wli),o _ O(hmin(81+q(1)+l,M+1))7 (A.32)
and R . o
DU o = 20(tm + cih) — 2] = O(pmintrta VLML) (A.33)

where ¢(1) is the stage order for the IRK method applied to the first correction loop. We note that the proof of
the general k is similar. O

Remark A.5. The local truncation error estimate (A.30) from [5] is quite technically involved; it is related to
estimating the smoothness of rescaled error functions. The estimate (A.32) follows a similar fashion. We refer
readers to the original paper [5] for details.

Remark A.6. With the estimates in the above Lemma, i.e. equations (A.30)-(A.33), it follows from equa-
tion (A.15)

AR = Ty(Ymi,o; Zmi,O)E(k_l) + f2(Ymi0 Zmi,O)D(k_l) + O(h*s—111h).

mi,1 mi,1 mi,1

= AKED 4 o(pse-1 (A.34)

mi,1

where Ey(fifll) and ﬁgf; 11) are defined by the corresponding e-expansion of equation (A.8), si = Zf:o p(r),

and AICS;TII) = fy(Ymio0, zmi’o)Egi}l) + f2(Ymi0, zmi,o)ﬁff;ll). Here we have used the abbreviations ¢, o and
Zmi,0, G-€. the exact solution y(t) and z(t) at the position ¢ = 7,,, + ¢;h respectively. We note that, from (A.15),
we replaced YW(ZZ)O and Pemi (yfékfl)) by adding and subtracting ym; o with an error of (’)(hs"'*l"’q(k)"‘l) and
O(h®=1+1)  the same for 27(7’:2,0 and Pems (Eék_l)).

Similarly, we have from (A.17)
Aﬁffff,&) = Gy(Ymi,0, Zmz',o)ng;1l) + 92 (Ymi 0, Zmi,O)ﬁffLi_’ll) + O(hss-1 1

= AL*D L O(psr-1t, (A.35)

mi,0

k—1) . ~(k—1 ~(k—1
where Aﬁﬁm,o) = gy(ymi,Oa Zmi,O)Ev(ni,l) + gz(ymi,o, Zmi,O)D£n@1)~
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Lemma A.7. (¥ error term) Consider the same assumptions as in Theorem 3.2 with 0 < ¢ < 1. Then the
numerical solutions of the InDC method after k correction loops have the following local error estimates at the
interior nodes T,, with m =0,... M

e®), =y — 90, = ORIV T2 d®) =z, — 28— Opa ), (A.36)

m,v
with 1 < v < ¢ +1.

Proof. We first prove (A.36) in the case v = 1. In the prediction step (k = 0), under the assumption of stiffly
accurate IRK method, by the Corollary 3.10 in [8], we get that the error estimates for e in (1.13) at the interior
nodes of the InDC method with m = 0,... M satisfy

©

e =yt — 90 = 0T, A = 20 - 20 = O, (A.37)

m,

We consider e-expansions of y(l), 2 and ESZ and ZADSZ as in (A.13). Inserting them onto equa-
tions (A.34), (A.35), from (A.19) and (A.20) for the power ¢! with k = 1 and v = 1, we have
(1) (0)
Gmt1,1 — hSg g 1) AR o
1 (o | = +h)y b el 4+ O(h? ) (A.38)
Zv(nzrl o — hS% 1( ) ( Z Efnz,o
and
Y, —hSg™ il A1) K®
mz 1 Ym1 0) 4o
500 hSC’" i <A(1 > +h2a” ( ) +O(hP " +2), (A.39)

mi,0 mgO

Now from (4.5) we have for £,
Ym+1,1 = Ym,1 T f_:;ZLJrl Iy (if)dt7 Zm+1,0 = Zm,0 T+ f;::LJrl Gy (t)dt. (A‘40)

We subtract (A.38) from (A.40) and so obtain

(1) m,(0) Tm+41

€m31,1 +h5' — [T R ()t AIC,,SE | 2O 42

(1) . (1 h b +O(h ). (A.41)
dy/i10+ hSG1 — [ Gy (t)dt dp,

Tm mz 0

From the Corollay 3.10 in [8] and (A.37), we have the following estimates for the local errors

6(0) = Ym0 — y7(7(3)0 o (’)(hp(o)Jrl), d(o)O 0 — Z(O) o O(hp(o)Jrl),

m,0 m,

A.42
53? = Ym,1 — ym,l = O(hq(o)Jrl)’ dgg?l = Zm1 — Z 3 o O(hq(o)) ( )

Similarly as done in the proof of Lemma 4.2, on the right hand-side of (A.41) we add and subtract the quantities
S™(F1) and S™(Gy), these are the integrals of (M — 1)th degree interpolating polynomials on (7, F1(m))M_,
and (7, G1(7m)) =y over the subinterval (7, 7y 1], Hence, [ Fi(r)dr — hS™(Fi) = O(AMT') and

by (A.42), we have S™(F;) — SIZFn’(O) = O(hq(o)) and S™(Gy) — Sg’(o) = (’)(hq(o)). Then we have from (A.41)

ey = eml hY5 b Aicw)l + O+,

o A.43
dgll,o = dm,o -hyi bZA[’mi,O + (’)(h‘l( )+1)- ( )

Now we consider the e-expansion of the error at internal stages 7,,, + ¢;h, and as in equation (4.12) we get

e (0 (0
= Peni(el”) = EQ),

0]

mi, 1

D) = Pemi(d”) ~ DY), Yk >0,m, (A.44)
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where eg ) = (e 7(2)1 Lreees 7(2?9 D, J(O (dfs)l,o, cey dfﬁl’o), s is the number of internal stages in an IRK method.

Especially, by (A. 42) it follows from (A.44),

E?S?z) 1= ESZ) 1+ O(hq(0)+1)
0 _ _ 1 © (A.45)
sz,l - _D 4,1 + O(hq )

Similarly as equations (A.43), from the definition of stage order for the prediction step, we have for the internal
stages in vectorial form

EM = el 1 - hAARY + O(he ),

_ A.46
D(” - d“) 1— hAALY + (e +1), (A.46)
where E’§1) = (Eg) 1qs-- Egi 1), (() (Dg% 0 - - Dfﬁi o) and 1 = (1,1,...,1)T is a vector of size s. Now
from the second equatlon in (A 46) and using (A 26) and (A 45), we get
A9y Wrmi0: 2mi.0) By + 92 (Wm0 Zmi0) Bl 1) = O(h1™), (A47)
Thus, from the invertibility of matrix A we have
- ©)
D)y = =979 Wm0 2mni) By + O, (A.48)

for mi = ml1,..., ms. Plug the above equation (A.48) into equation (A.34) and replace BC
(’)(hq( )H) error and D) | by sz | with (’)(hq(o)) error, by (A.45) we obtain

mi,l

by EmZ , with

mzl

q©

AR = (fy = 1295 9) Wm0 2mi0) EGL, + O™, (A.49)

Our next aim now is to prove the local error e( ) = O(hq(o)ﬂ) by mathematical induction w.r.t. m. Especially,
we would like to show that eglm = (Q(h‘](O)H)7 if we assume the local error 61(,11) = O(hq(o)ﬂ), vl < m. To show
this, we plug equation (A.49) into the first equation (A.46) and obtain Efm) 1= O(hq(o)ﬂ), formi =ml,..., ms.
From (A.49), AICSBZ = (’)(hq(o)) and plug this estimate into the first equation of (A.43), we obtain the desired
estimate of

el = Oh!" ), (A.50)
Thus, from (A.48) and (A.45), it follows
Di), =om™). (A.51)

Now in order to prove the estimate d(l) = (’)(hq ), we start to considering equation (A.12). Since the IRK

method is stiffly accurate, from Remark A.1, we have anzrl 1= Zfﬁi,y Hence from (A.51),

(1 1 (A. ol) q©
21(Tm+1) — £n2i-1 1= d( 2|r1 - D£n@ 1 O(n?

), m=0,...M-1. (A.52)

The above proof can be generalized for the InDC method with different IRK methods applied to k correction
steps. The local error estimates at the interior nodes of the InDC method 7,,, with m =0,... M are

P = 0m1”Th), dP) = om”).

m7

We have thus proved equation (A.36) with v = 1. The general estimates for ¥ > 1 in equation (A.36) can be
obtained in a similar fashion to the case of v =1, as in the Theorem 3.4 in (Chap. VI of [8]). O
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Proof of Theorem 3.2. The proof is similar to that for Theorem 3.1. In fact, we obtain estimates (3.2) by using
the results of Lemmas A.4 and A.7. From Lemma A.4 we have the local error estimate, for one time step tg

to tl,
(K) _ (’)(Hmin(sK"'LM'*‘l))_

eMm0 =
From local to global error, we obtain eff? = O(H™" (M) From equation (4.2) and the Lipshitsz condition
of G, we get
d(I%) _ O(Hmm(sK’M)).

n,
Now in order to complete the proof of the theorem, we consider the estimates (A.36) in Lemma A.7 with v = 1.
Then we have for the local error estimates after one step (from ¢y to ¢;)

i) = oy, dlf) = om").

Finally, the global estimate (3.2) from the local estimate above is a consequence of Theorems 4.5 and 4.6 in
(Chap. VII of [8]). O

Remark A.8. We remark that we can not improve the estimate of the global error for the y-component as
done in (Thm. 3.4 in [8]) for high-indices. Indeed the reason for such loss of accuracy is related to the evaluation
of the integrals in equation (A.21). These integrals are obtained from the prediction step, and the algebraic
variable z obtained in the prediction step is the cause that reduces the order of the differential variable y in the
correction steps. This can be seen in the evaluation from equation (A.41) to (A.43) due to (A.42). We note that
a similar conclusion for the remainder can be drawn.

A.4. Estimation of the Remainder
Finally, in order to estimate the remainder for the global error functions e%K) and d%K), we have the following

result.

Theorem A.9. Under the same hypothesis as in Theorem 3.2 for any fized constant C > 0 and v < ¢\©) + 1,
the global error satisfies for e < CH

elE) = e({? + segﬁ) .+ 5”6%{? + 0 H), dF = d((){? +ed® 4y €”d5ffy) + O /H). (A.53)

n n,l
These estimates hold uniformly for H < Hy and nH < Const.

Proof. By the estimates (A.36) it is sufficient to prove the result for v = ¢(® 4 1.
(k)

Through the e-asymptotic expansion (2.26) for the global error functions e%k) and d; ', by considering esti-
mates (A.36) globally, i.e.

e® =y, — g = oEIV ), gk) =, — 20 = oY, (A.54)

n,v n,v
and v = ¢ + 1, we get:

e =) 1 ee) + .k evelB) L ot H), d =d) +ed ) v+ erdE) + Ot /H). (A55)

with eg’? = y;{? - gjr(fj)) and dff’? = zr(f,? — 27(5)), ... (see formula (2.26)).

In order to estimate the remainder, we consider the truncated series of the quantities in (A.13):

95 = g0 1 g0 v egB), A0 =5 v e 4 e ), (A.56)
(K . . . (K . . .
AL AL S L S S AL G L R (S ) (A.57)
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and

AV =y IOy pp U0 - gy 500

ni ni ni  “ni -

A’AC(K = A’Cni{o R €AK7(51 Vpl+ €VA’C7(’LIZ{V Y, A
K 1) (K—-1) voA AE—1) (A.58)
A,C = Aﬁm 0 ) + eAEm ! VAL

and we use the notation for the remainder
AA(K) - ZL(IK) _ @(K)7 AZ(K) - A(K) zglK)_ (A.59)
Then using (2.26) and (A.54), (A.55) is then equivalent to
AP = 0@ H), Az = 0@/ H). (A.60)

The proof of (A.60) is similar to the proof of (Thm. 3.8, Chap. VI) in [8]. For the sake of brevity, here we point
out the main differences and we give some partial results.
We consider the InDC method (A.9)-(A.10)-(A.11). Inserting (A.56) into (A.2), it gives

S;:.mi’(k*l) _ ngi,(kfl) _ O(€V+1), S‘gmia(kfl) _ S;mia(kfl) _ O(€V+1). (A61)

Similarly inserting the quantities (A.56) (A.57) and (A.58) with m (index of quadrature nodes) instead of n
into (A.7) and by (A.14), (A.16) and (A.61), we obtain by Lemma (A.7) and v < ¢(®) +1,

A(k) ~ s v
Lo =0 ) g, (A ) o (00 o)
@B _awy) AV \oer ) ’

This represents the defect when (A.56) (A.57) and (A.58) are inserted into the InDC R-K method (A.9)-(A.10).
From now on the the proof is similar to (Thm. 3.8, in [8]). In fact, applying Theorem 3.6 in [8] to (A.62), it
yields

1AV, < C(||agP]| + el|Az8|)) + O+, (A.63)
1428 < C(1Ag80 || + /A AZD]]) + OE+ h).

where here the quantities d; and 6; in Theorem 3.6 in [8] are given by: &; = O(e¥™1), §; = O(e**1/h).
In a similar fashion as the point b) of the proof in Theorem 3.8 in [8], we obtain for the quantities Ag}fq’f ) and
A in (A.59) the recursion

143574 ] 1+0(h) O) [ O(e"*+)
(k) —\ 01) a+0(e) wy | T vt (A.64)
1AZ5 4] 1Az O /h)
with a < 1. The value of « is specified in the (Thm. 3.8 in [§8]).
Finally applying Lemma 3.9 in [8] to the difference inequalities in (A.64) gives
AR = O+t /h), AR = O(ev+1/h). (A.65)

for mh < Const. By H = Mh, then we get (A.60), i.c., the statement of the theorem. O
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Remark A.10. We note that from (A.53) for Theorem 3.1 and v < 2 we get:

e = O(H™MEHLMY) | O(cH) + O(e2) + O(e3/H),

i A.66
dSLK) _ O(Hmm{K+1,M}) + O(cH) + O(c2) + O(3/H), ( )

and for Theorem 3.2 with v = ¢(®) 4 1:
) — o(Hminlsx MYy L O(eHI) + ...+ 01 +1) + 01”2/ H), (A6T)

(1]

2]
(3]

(4]
(5]

(10]
(11]
(12]
(13]
(14]
(15]
(16]

(17]

dglK) _ O(Hmin{s;(,M}) + O(qu(D)) 4o+ O(eq(o)+1) + O(€q(0)+2/H).

REFERENCES

W. Auzinger, H. Hofstétter, W. Kreuzer and E. Weinmiiller, Modified defect correction algorithms for ODEs. Part I: General
Theory. Numer. Algorithms 36 (2004) 135-156.

K. Bohmer and HJ Stetter, Defect correction methods. Theory and applications (1984).

A. Christlieb, M. Morton, B. Ong and J.-M. Qiu, Semi-implicit integral deferred correction constructed with high order additive
Runge-Kutta methods. Communications in Mathematical Sciences (2011).

A. Christlieb, B. Ong and J.M. Qiu, Comments on high order integrators embedded within integral deferred correction methods.
Commun. Appl. Math. Comput. Sci 4 (2009) 27-56.

A. Christlieb, B. Ong and J.M. Qiu, Integral deferred correction methods constructed with high order Runge-Kutta integrators.
Math. Comput. 79 (2009) 761.

A. Dutt, L. Greengard and V. Rokhlin, Spectral deferred correction methods for ordinary differential equations. BIT Numer.
Math. 40 (2000) 241-266.

C.W. Gear, Differential-algebraic equation index transformations. SIAM J. Sci. Stat. Comput. 9 (1988) 39-47.

E. Hairer and G. Wanner, Solving ordinary differential equations II: stiff and differential algebraic problems, vol. 2. Springer
Verlag (1993).

E. Hairer, C. Lubich and M. Roche, Error of Runge—Kutta methods for stiff problems studied via differential algebraic equations.
BIT Numer. Math. 28 (1988) 678-700.

J. Huang, J. Jia and M. Minion, Arbitrary order Krylov deferred correction methods for differential algebraic equations. J.
Comput. Phys. 221 (2007) 739-760.

A.T. Layton, On the choice of correctors for semi-implicit picard deferred correction methods. Appl. Numer. Math. 58 (2008)
845-858.

A.T. Layton and M.L. Minion, Implications of the choice of quadrature nodes for picard integral deferred corrections methods
for ordinary differential equations. BIT Numer. Math. 45 (2005) 341-373.

A.T. Layton and M.L. Minion, Implications of the choice of predictors for semi-implicit picard integral deferred corrections
methods. Commun. Appl. Math. Comput. Sci. 1 (2007) 1-34.

M.L. Minion, Semi-implicit spectral deferred correction methods for ordinary differential equations. Commun. Math. Sci. 1
(2003) 471-500.

R.E. O’Malley Jr, Introduction to singular perturbations, Vol. 14. Applied Mathematics and Mechanics. Technical report,
DTIC Document (1974).

R.D. Skeel, A theoretical framework for proving accuracy results for deferred corrections. SIAM J. Numer. Anal. 19 (1982)
171-196.

A. Tikhonov, B. Vasl’eva and A. Sveshnikov, Differential Equations. Springer Verlag (1985).



	Introduction
	The IRK method applied to SPPs

	InDC formulations applied to SPPs
	InDC framework
	InDC-BE method 
	-asymptotic expansion

	Main results and numerical evidence
	Main results
	Numerical evidence

	Proofs of main results
	Error estimates for Theorem 3.1

	Stability properties
	Conclusions
	Appendix A.
	InDC-IRK method
	-asymptotic expansion of InDC-IRK methods
	Proof of Theorem 3.2
	Estimation of the Remainder

	References

