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Abstract.

New deferred correction methods for the numerical solution of initial value problems
in ordinary differential equations have recently been introduced by Dutt, Greengard
and Rokhlin. A convergence proof is presented for these methods, based on the ab-
stract Stetter-Lindberg-Skeel framework and Spijker-type norms. It is shown that p
corrections of an order-r one-step solver yield order 7(p + 1) accuracy.
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1 Introduction.

Deferred correction methods for the numerical solution of the initial value
problem

(L.1) y(t)=f(t,y), y(0)=y R

have been developed and analyzed for many years [1]. Two interesting new tech-
niques of deferred correction were introduced in [3], where impressive numerical
results were presented. The extensive previous convergence theory of deferred
correction methods does not apply to these new techniques. In this paper, we
extend and apply previous technical tools to prove high-order convergence for
the first (“classical”) deferred correction scheme of [3].

Previous convergence proofs [11, 4, 5] for deferred correction methods often
assume a global asymptotic error expansion, which Runge-Kutta methods usu-
ally possess but multistep methods usually lack. Our proof relies instead on the
smoothness of the global error in discrete Sobolev norms, defined via divided
differences as in [12], and adjusted to fit our situation. Our approach is modeled
on the abstract Stetter-Lindberg-Skeel error analysis [13, 11, 12], which treats
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the initial value problem (IVP) as an operator equation approximated by a dis-
crete operator equation. Lindberg and Skeel used this approach to develop new
methods and show convergence of new and existing methods. Skeel extended
it into a very general framework for the analysis of accuracy and convergence,
which permits the analysis of many deferred correction methods. We extend it
further to prove convergence for the new classical scheme of [3].

2 The classical DGR scheme

The classical DGR scheme of [3] is based on some of the same ideas as
Zadunaisky’s iterated deferred correction (IDeC) [15] and other deferred correc-
tion schemes [1]. One constructs a new IVP for the error, solves it numerically,
and thus obtains an approximation to the global error. The process is repeated
on each subinterval separately, and can be viewed as a technique for generat-
ing high-order Runge-Kutta-Fehlberg schemes, without the laborious algebra
required to solve large nonlinear systems of order conditions.

2.1 Description of the algorithm

Suppose a numerical solution u = (uq, ..., uy) is given at gridpoints (o, . . . , t,)
on the current subinterval of time integration, with error

y(tl) — U; = O(hp)

We can view u as a continuous approximate solution satisfying the IVP with
error

(2.1) o(t) = y(t) — Vnu(t)

by employing the Lagrange interpolation operator V,, : R"™* — C[a,b] based
on the grid points. Differentiating the error formula (2.1) and using the IVP for
y gives the error equation

o(t)=f (t,S(t) + Vnu(t)) -

(5(0) = So = Ug — y(O)

(2.2) a v

Solving this equation with an order-p accurate numerical method gives a numer-
ical error

(Si = y(tl) —u; + O(th)

The procedure can be iterated, using the same order-p method at each iteration,
or more generally we may use one of r different one-step methods of orders
p1,--.,pr at each correction. We refer to this approach as the classical DGR
algorithm:

ALGORITHM 2.1.

doj=1,...,r



e Interpolate uV =1 — Vv, uU=1(t) on the current subinterval

o Solve the following IVP by p;-th order method:

- d

o'(t) = f(t, S(t) + V,ub—l (t) — %vnu[j—ll (t)

to get a numerical approximation § to the current error )
e Update ubl = wU=1 4§
end do

This method, which is referred to in [3] as “classical deferred correction,” does
not appear to be classical. Instead, it is an improvement on such classical tech-
niques as Zadunaisky’s iterated deferred correction (IDeC): It is simpler to derive
and implement, more general, and appears experimentally to be more robust
and more accurate. (For example, IDeC works only on equidistant grids [6].)
However, classical deferred correction does not resolve the central issues with
deferred correction schemes, which prevent the use of large correction numbers
n in practice (and are overcome by the “spectral deferred correction” method
also introduced in [3] and analyzed in [9]): First, the well-known difficulties with
polynomial interpolation at equispaced nodes (the Runge phenomenon). Sec-
ond, the instability induced by numerical differentiation in the construction of
the new right hand side for each error equation (for related phenomena, see [10]
and [14]).

The difficulty of equidistant polynomial interpolation is eliminated in the spec-
tral deferred correction methods of [3] through the use of a Legendre mesh on
each subinterval. Indeed, numerical examples for spectral deferred correction
methods based on Legendre meshes compare favorably with standard pack-
ages. These experiments used low order solvers such as explicit, implicit and
linearly implicit Euler methods. The efficiency can be improved by correcting
with higher-order solvers. As mentioned in [3], unpublished results with Adams
solvers of orders up to six exhibit dramatically reduced operation counts. The
instability of numerical differentiation is eliminated by solving the equivalent
Picard integral equation rather than the ODE.

3 Theoretical framework

We employ Stetter’s abstract formalism for analyzing numerical solutions of
the IVP [13], as do most previous analyses of deferred correction [12, 11]. We
assume for simplicity of notation that the ODE state space has dimension d = 1.
Thus we write the IVP (1.1) as an operator equation

(3.1) Fy=0

where F' : Y — Z is an operator between normed linear spaces Y and Z.
A numerical method for the IVP approximates (3.1) by a family of operator
equations



where ¢, (F) : Y,, — Z, is an operator between finite-dimensional normed lin-
ear spaces Z, and Y,, with dimensions proportional to n. Euler’s method, for
example, has Y,, = Z,, = R*™! and

P _ —ug + Yo v=20

Gn(F)(u), {_7%)—;;(151) + f(tuor,u(tu_r)) v=1,...,n.
REMARK 3.1. Stetter requires Y and Z to be Banach spaces. It turns out

that completeness is not usually necessary for analyzing the convergence of most

numerical methods ¢, (F), so normed linear spaces suffice. (Since Example 1.1

of [15] is not a Banach space, it is fortunate that normed linear spaces suffice.)
Following Skeel, we convert the IVP to an operator equation with the norm

1 1 m
(3-2) I2llym = max{llleom§||Z'|Ioo7~~>mllz[ Moo}

on the normed linear space Y™ := C™|a, b]. Here we use the standard maximum
norm

Izlloc = max |z(t)] for z € Cla,b)].
t€la,b]

The operator F' is defined so that F'y = 0 is equivalent to the IVP:
(3.3) Fz = (—2(0) +yo, —2'(t) + f(t,2(1)))

where f : [a,b] x R? — R? is assumed smooth with bounded derivatives. Then
the initial value yy in F' guarantees that y is the unique solution of the IVP.

The range of F is then naturally defined to be Z™ := R x O™ 1[a, b], and for
g =(g0,9(t)) € Z™ we define the norm by

(3-4) gl

where

zm = | Lgllym,

Lg(t) = go +/0 g(s)ds.

3.1 The discrete problem

Finite-dimensional spaces for the numerical method are built on a fixed grid
Gp={a=ty< - <t,—1 <t, <t, =b} with stepsizes h, :==1t, —t,—1 >0
for v = 1,...,n and mesh size h := max, h,. Given a grid G,, we define
finite-dimensional spaces Y, = Z™ := R"*! and point evaluation operators
Ap Y™ =Y ™and A, : Z™ — Z* by

(3.5) Apzy, =2z(ty), z€Y

=0
Y where g = (g0,9(t)) € Z,

90
3.6 A,g, =
(3.6) g {g(ty_l) 1<v<n



where t, € G,,.
The norms on Y and Z™ suggest natural norms on Y, and
ward divided differences replacing derivatives. For v € Y)"* let

(3.7) [ullym = max ||t oo, | Dulls, - - -, [ D™l oo,
i
where
lulloo = max fu|
and

Hym 2 m m
D"y = (ug, Dut, D*usg, ..., D™, ..., D" uy,)

Z™ . with back-

n

is a vector of divided differences and initial values from which u can be recon-
structed. Here D™ denotes the backward divided difference defined by

0 _
D u, = uy,

Dmfl ViDmfl e
D™, = “ el =12

tu - tufm

For z € Z] we define

(3.8) 2l := | Lnzllv;m,
where
1
1 h
Ly, = 1 h h
1 h h ... h

is a discrete indefinite integral. In particular,

J
2]l ze = Joax. 20+ Y bz}

i=1

is often called the Spijker norm, while

12l 2 = max{[zo, [z1], |22, - -, |zal}

5 g Ly oo

is the usual maximum norm. These spaces and mappings are related by the

following “asymptotically commutative” diagram:

ym _F . om

N a

Fu=pn(F)
n n



In the sequel we will need the following presumably well-known lemma, whose
proof we include for completeness.

LEMMA 3.1. For an equidistant grid G, with n > m mesh points t,, the
Lagrange interpolation operator V,, : Y, — Y™ satisfies a norm bound |V, | <
C,, where C,, depends only on n.

PRrROOF. By Newton’s interpolation formula, we have

n pn—1
Val(t) =) DG [t —t)
pn=0 1=0

which gives
[Vadllym <n max {|DCul [lmplly},
0<p<n

where 7, (t) = []/2) (t — ;). Since G,, is equidistant,

H7rm+k||ym§énhk, k=1,....n—m where h=1t —1t_1

and C,, depends on n. Also, |[D™F¢, | < Kyu|[¢|lym /Rh* for some K, > 0
depending on n. Hence

| D* k] | Tmg e[y < Cnll€]

m.
Y‘IL

Thus

s
omax {[D"Cul [l |

v} < Call¢

Yo
where C,, bounds ||, [y~ thus

IValllyz < CollCllve

a
We plan to prove convergence of deferred correction schemes indirectly, by
using stability and consistency in the usual manner. However, the following
convenient and effective definitions from [13] may differ from the many other
definitions of consistency and stability in the literature.
DEFINITION 3.1. The sequence

An = 0n(F)Any € Z', neN

where y is the solution of the IVP Fy = 0, is called the local discretization error.
DEFINITION 3.2. A discretization method ¢ is called stable at u if there exist
positive constants S and r, independent of n, such that

(3.9) o = wllyy < Sllén(F)v — dn(F)wlzp
for all v and w such that
(3810)  max(|6a(F)v — 6u(F)ull zp, 160 (F)w — du(F)ull ) < 7

The constants S and r are called the stability bound and the stability threshold.




8.2 Properties of one-step methods

One-step Runge-Kutta methods have been widely used in deferred correction
algorithms [4, 5]. While we do not restrict our analysis to Runge-Kutta methods,
our approach appears to require the existence of an asymptotic error expansion:
the local discretization error A of any solution y to F'y = 0 must satisfy

I
(3.11) A= du(F)(Any)y = Y (Aner)oh™ + (Ang)u k™ v =1,...,n,
k=1

where e;, € Z*, g € Z° and p will depend on the smoothness of f. For one-step
methods such as Runge-Kutta methods where the local error can be expressed
as a Butcher series, after autonomizing the original equation, there is a tree
expansion

p(T)
(3.12) O (F)(Any)y = > a(T)F(T)(y,,,l)ZT v=1,...,n.

TeLT ( )|

Here y, = (Any), , a(7) are computable error coefficients, F(7)(y) are com-
putable elementary differentials of f evaluated at y, and LT is the set of all
labeled trees [7]. In this case the existence of expansion (3.11) is immediate. It
is straightforward to show that if the tree expansion (3.12) holds we have

(3.13)  max(|lexllzu-r, llgllzo) < Cnmax(llyllye, lyllyn) k=1,...,p—1

where
(3.14) C, < Ksup{|F(7)(2)| : z € [a,b] x RY, 7 € LT, },

LT, is the set of all labeled trees of order < p, and K is an integer depending
on p. We assume below that all three bounds (3.11), (3.13) and (3.14) apply.

8.8 Stability of one-step methods

Convergence of a numerical method is usually proven in two steps. First,
one proves consistency A = O(h?) at each smooth solution y. Then, if the
stability inequality is satisfied, one deduces convergence. Thus we seek a stability
inequality

(3.15) |l —w

v < S| (F)v — ¢n(F)w|

m
Z‘VL

Obviously S will depend on the norms on Y,” and Z,*, and since our norms
include divided differences, it is not a surprise that S may include derivatives
of f. For Runge-Kutta methods, it can be shown (see Example 4.2 of [12]) that
(3.15) is valid with S = S(0) where 0 is a bound on all the partial derivatives of
f of orders up to and including m and S is a nonnegative increasing function of

0. We assume below that S has this form.



4 Abstraction of the DGR scheme

Given a previously calculated solution u € Y,*, the DGR scheme builds a
continuous approximation g(t) = V,u(t) to the exact solution y. The error
equation for §

(4.1) 5(8) = £(£,5(8) + g(t)) — (1)

can be put in operator form by defining F, : Y™ — Z™, for any interpolated
numerical solution g, via

(4.2) Fyz := (=2(0) + 8o, =2/ (t) + f(t, 2(t) + g(t)) — ¢'(1)).

The numerical scheme for § is then

where g = V,u(t).

4.1 Theoretical adjustments

We now adjust the previous theoretical framework so that convergence can
be proven for the classical DGR scheme. The previously defined spaces and
norms interfere with the boundedness of the Lagrange interpolation operator
Vo : Y™ — Y™, Recall that we are considering the sequence {u,}nen for
un, € Y. Obtaining a polynomial g(t) = V,u,(t) of arbitrarily high degree
as h — 0 does not make any sense, so computationally we only interpolate a
fixed finite number of points. But piecewise interpolation may ruin smoothness
so boundedness of V,, is impossible in spaces Y™ with m > 0.

Thus we consider each correction interval as a separate IVP. In other words,
split a previously calculated solution wu, € RV"*! on a grid of Nn + 1 points,
as N vectors v € R""!, § =1,..., N where the subinterval endpoint values
match. Interpolate these vectors u’ separately on each subinterval to get N
correction equations. Abstractly, let

m . oNn+1
v =R

and define overlapping restriction to interval number i by R? : RVl — RN+

so that Riu = (W—1)N s+ WiN) = u® for convenience. Define the norm on Y&,
by
o i
lullvge, = max {llullve}-

Similarly let

250 =R and ez, = max {]]

zp}

These norms do not require smoothness across subgrid boundaries, and are there-
fore convenient for the analysis of deferred correction schemes which work on one



subinterval at a time. Let {Gny }nen be a sequence of N subgrids on [0, 1] such
that Gy, = U, Gy, where G is an equidistant grid on [Tj_1,T;], where
T; = tin € Gnp. Also let

(4.3) h; =(T; = T;—1)/N and h = max {h;}.

1<i<n

Suppose that there exist two positive constants ¢; and c¢o such that
c c

(4.4) L<n<=2=nh
n n

We split the IVP into N IVPs F;y = 0, where the subscript ¢ denotes that
Fy(t) = —y'(t) + f(t,y(t)) holds on ¢ € [T;_1,T;]. Suppose u € Y3, is an
approximation to the grid values A,y of the exact solution y to the IVP Fy =0.
Let g; = V,u® be the local Lagrange interpolant to the grid values on the ith
subgrid. The correction equations require § € Yy, to satisfy

TR T e
NP T L L y(n 6 fy) v=1,..mi=1,... N
)

(4.5)

where W is the increment function of the method, fy, (t,6) = f(t, 0+ gi(t)) +gi(t)
and 6} = 0, assuming exact starting value. With this framework, we can state
the main lemma of the convergence proof:

LEMMA 4.1. Let y be the unique solution of Fy = 0. Suppose the numerical
method ¢ is stable and consistent of order p. Suppose also that on each n-point
subgrid with n > m + p 4+ r, the numerical solution u satisfies the smooth error
bound |[u — Apy|lym+»r < Ch”. Then the correction § satisfies the order-(r + p)
smooth error bound

16 +u—A (Any)ol, A"}

for some Cy, depending onn and f. Here § is the correction satisfying ¢, (Fy, )0 =
0 with initial value d&g.

PROOF. Let g(t) = V,u(t). By the stability assumption and the definition of
0 we have

16+ u = Ayl < SON6n(Fy)dn = 6a(Fy)(Bny = )z
= S(0))|¢n(Fy)(Any — )| zm

Since the exact solution of the correction equation is 5= y— Vyu and A,V,
is the identity, it follows that ¢, (F,)(And) = ¢n(F,)(Any — u) is the local
discretization error of the correction IVP.

Since ¢ is a scheme of order-p accuracy with an asymptotic error expansion,
we have
(4.6)

Gn(F)(Apy —u), = {

(50 + ug — (Any)o V=
Z;'n:o hp+j(Anep+j)V + hm+p+1(An9)u v= 17 ceey .



10

Thus the local discretization error of the corrected solution satisfies

[6n (F)(Any —u)l|zzr

m
< max(|8o + uo — (Any)ol, D W [Anepsjllzp + B Angl zg0)-
§=0

By the extended mean value theorem, the operator norm of the point evaluation
A, satisfies || Ay || 4., yo+1 < MR~ for any positive integers k, ! and a constant
M > 0 depending on [ and n. Thus

m

D Anepgllzy + R Mgl 2
j=0

m
<R3 Millepesllzn-s + 1 Millg] 29
3=0
By the asymptotic error expansion assumptions (3.13) and (3.14), |lep+;ll zm—s
and ||g||zo are bounded by

Cmax([|Vou = yllymes, [IVau = ylly'at,)

where

C < Ksup{|F(1)(2)|: z € [a,b] x RN 7 € LT}

with F(7)(z) an elementary differential of the autonomized correction equation
0'(t) = f(t,0 + Vyu(t)) — V,uu/(t). By the definition of elementary differentials,
C will depend only on f and n if ||V, ully+ is bounded for & = p + m + 1. For
q > m + p, the triangle inequality gives

Vot —yllye < Cllu = Anyllyg + [V Any = yllya.

where C' is a bound on the operator norm of Lagrange interpolation ||V,]|.
Interpolation and restriction are related by ||V,A,y — ylly« < Ch™ 9. Thus,
by assumption and the choice of n, it follows that ||V,u — y|lym+»r < Ch". To
bound ||V, ul|y* we observe that, for any positive integer [ the identity operator
I =A,V, is bounded by M;h~! from Y, to Y;"*!. Thus

lu = Anyllve < Ch7'lu— Apyllypr
for I = ¢ — (m + p). Thus we have
(4.7) IVnullyr < [[Vau —yllye +[lyllye < K
Consequently,
1fn (Fy)(Any — un)l zp < max(|do + uo — (Any)ol, CRP™).

Since S(6) is an increasing function, a bound on the partial derivatives of f(¢, z+
Vau(t)) — Vau'(t) of order up to and including m will complete the proof. Since
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all partial derivatives of f are bounded, it suffices to bound ||V, u||ym+1 which
follows from (4.7). a
Our main theorem follows immediately from the main lemma:
THEOREM 4.2. Let y be the unique solution of Fy = 0 and suppose ¢ is
stable and consistent of order p. Suppose that the numerical solution u satisfies
|lu — ANnyHY]an < Ch™ then the corrected solution uw+ & satisfies

0 +u — ANnyHYI(fn" < ChPtr

whenever § is determined by (4.5).
ProOF. Apply Lemma 4.1 to the subproblem F;y = 0 and the subgrid cor-
rection 8% to get for 7 > 1 that

165 + ul, — Apy'llym < Cpmax (|(671 +u' =" = Ay )|, hFT).

For i = 1, we have _ _
[0° +u' — Apyllym < C’nhf”

where y° satisfies Fjy* = 0. The theorem follows by the definition of the global
norm |[v|lyz: , the quasiuniform mesh assumption (4.4), and induction on i. 0O
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