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Abstract

This paper addresses the numerical approximation of linear, steady,
one-dimensional, variable coefficient singular perturbation problems of
reaction-diffusion type which exhibit rapid oscillations. Since the dif-
fusion and reaction terms are of like sign, this is a special case of the
Helmholtz equation of wave propagation [1]. A generalization of the
Miller scheme [11] is presented which is second-order accurate, uniformly
in the small parameter. This new scheme is then combined with that
of Hegarty [5] to yield another scheme which is formally fourth-order
accurate. Finally, the Mehrstellenverfahren technique of L. Collatz [2]
is applied to produce yet another scheme with formal fourth-order ac-
curacy. These new schemes provide the natural generalizations of those
previously developed for problems exhibiting boundary layers [9].
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1 Introduction

A singular perturbation problem is said to be of reaction-diffusion type if
the order of the problem is reduced by two when the small parameter is set
to zero [15]. This is to be distinguished from a convection-diffusion problem
[13] where the corresponding reduction in order is only one. Depending on
the relative signs of the diffusion and reaction terms, the solution to such a
reaction-diffusion equation may exhibit either highly oscillatory behavior [10]
(the subject of the present paper) or develop boundary layers [8, 9].

While the most general of such problems are nonlinear, transient and mul-
tidimensional, this paper focuses on the linear, steady-state, one-dimensional
version with variable coefficients. This constitutes the extension of our treat-
ment of the constant coefficient problem which was the subject of [10]. Within
these confines, we present new methods of numerical approximation that are
uniformly second-order accurate and formally fourth-order accurate. This will
be achieved primarily by coupling the method of exponential fitting [3] with
the Mehrstellenverfahren technique of L. Collatz [2].

In the development that follows, the focus will be on the highly oscillatory
case. We begin by examining the local truncation error of central differenc-
ing which is uniformly zeroth-order accurate as applied to this problem, as
well as that of Miller’s scheme [11] which is uniformly first-order accurate and
Hegarty’s scheme which is uniformly second-order accurate. These consid-
erations reveal that the respective local truncation errors predict the known
asymptotic behaviors of these varied methods.

Motivated by this observation, it is then shown how to generalize the ideas
developed in [10] to derive a variant of Miller’s scheme which is uniformly
second-order accurate for variable coefficients. The approach taken herein
amounts to the annihilation of all objectionable terms (i.e. terms that grow
with decreasing ε) in the local truncation error. This new scheme is then com-
bined with that of Hegarty to yield another scheme which is uniformly fourth-
order accurate. The Mehrstellenverfahren technique (Hermitian method) of L.
Collatz [2] is then applied to produce yet another scheme with formal fourth-
order accuracy.

Finally, a comparison is made of central differencing, Miller’s scheme,
Hegarty’s scheme as well as our new schemes on a variable coefficient highly
oscillatory problem with known exact solution. These results, which provide
the natural generalization of those previously developed for boundary layer
problems [9] to highly oscillatory problems, are indeed very encouraging.

2 Reaction-Diffusion Equation

The subject of our investigation is the steady, one-dimensional, reaction-
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diffusion equation with variable coefficients. This self-adjoint equation may be
cast in conservation form as

ε · [a(x) · v′(x)]′ + b(x) · v(x) = g(x); v(0) = vL, v(1) = vR, (1)

where we assume that 0 < |ε| � 1, a(x) ≥ â > 0, and b(x) ≥ b̂ > 0. Physically,
εa(x) is the diffusion coefficient while b(x) is the reaction coefficient. Since ε is
a small parameter, we have here a singular perturbation problem. When (as
herein) ε > 0, rapid oscillations may develop while, for ε < 0, the solution may
develop boundary layers [8, 9].

If we make the change of dependent variable

u(x) := a(x)1/2 · v(x), (2)

then we obtain the following canonical form of the reaction-diffusion equation

ε · u′′(x) + c(x) · u(x) = f(x); u(0) = uL, u(1) = uR, (3)

with

c(x) :=
b(x)

a(x)
+ ε ·

( a′(x)

2a(x)

)2

− a′′(x)

2a(x)

 ; f(x) := a−1/2(x) · g(x), (4)

so that c(x) ≥ ĉ > 0 for sufficiently small ε.
In what follows, all functions appearing (especially, the coefficient c(x) and

the source term f(x)) are assumed to possess sufficient smoothness to justify
any operations to which we may subject them. Also, we define the parameter

z := h
√
c/ε, which measures the strength of reaction relative to diffusion when

scaled by the mesh width h := 1/N of Figure 1. For the problems of primary
interest in this study, we have |z| � 1. Lastly, in the ensuing derivations,
we will restrict ourselves to ε > 0 (highly oscillatory case) where singular
perturbation theory [1, p. 88] reveals that

u(x; ε) = c−
1
4 (x)

c1 sin

∫ x

0

√
c(ξ)

ε
dξ

+ c2 cos

∫ x

0

√
c(ξ)

ε
dξ

+
f(x)

c(x)
+O(
√
ε).

Thus, the rapid variation of the solution is no longer restricted to narrow
boundary layers, but instead occurs throughout the entire interval where we
have u = O(1), u′ = O(1/

√
ε), and u′′ = O(1/ε).

3 The Central Difference Scheme

If we discretize the two-point boundary value problem, Equation (3), using
central differences, we obtain

ε · ui+1 − 2ui + ui−1
h2

+ ci · ui = fi. (5)
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Figure 1: Computational Grid

The local truncation error of this scheme, which is easily established using
Taylor series, is given by

L.T.E. =
h2

12
· [ f ′′i︸︷︷︸
O(1)

− c′′i ui︸︷︷︸
O(1)

− 2c′iu
′
i︸ ︷︷ ︸

O(1/
√
ε)

− ciu
′′
i︸︷︷︸

O(1/ε)

] +O(h4). (6)

In order to numerically resolve any rapid oscillations that arise, we require
that h ∼

√
ε (proportional to period). Perusal of the above local truncation

error then reveals that it is effectively O(1) due to the presence of the term con-
taining u′′i . Thus, in spite of the fact that this scheme is formally second-order
accurate, it is not uniformly accurate to any degree in the small parameter ε.

4 The Miller Scheme

Miller [11] has developed a scheme for Equation (3) which is uniformly
first-order accurate for variable c(x) and uniformly second-order accurate for
constant c. This scheme is defined as follows:

−ε · z2i
2[cos zi − 1]

· ui+1 − 2ui + ui−1
h2

+ ci · ui = fi. (7)

The appearance of trigonometric functions in this context is referred to as
exponential fitting [12].

The local truncation error of this scheme is given by

L.T.E. =
h2

12
· [ f ′′i︸︷︷︸
O(1)

− c′′i ui︸︷︷︸
O(1)

− 2c′iu
′
i︸ ︷︷ ︸

O(1/
√
ε)

] +O(h4). (8)



Variable coefficient reaction-diffusion problem of highly oscillatory type 2317

Notice that, in comparison to Equation (6), the undesirable term involving u′′i
has been eliminated. Thus, with h ∼

√
ε, the local truncation error is O(h)

due to the presence of the term containing u′i. If c is constant, then this term
vanishes and the local truncation error is O(h2), independently of ε, so that,
in this special case only, the Miller scheme is thereby seen to be second-order
accurate, uniformly in ε.

5 The Hegarty Scheme

Hegarty et al. [5] have developed another exponentially-fitted scheme for
Equation (3) which is uniformly second-order accurate even for variable c(x).
Specifically,

− ε

h2
· [r−i · ui−1 + rci · ui + r+i · ui+1] = q−i · fi−1 + qci · fi + q+i · fi+1 (9)

where

c±i :=
ci+(−1±1)/2 + ci+(1±1)/2

2
; z±i := h

√
c±i /ε, (10)

r±i :=
z±i

sin z±i
; rci := −z−i · cot z−i − z+i · cot z+i , (11)

q±i := −tan (z±i /2)

2z±i
; qci := q−i + q+i . (12)

The local truncation error of this scheme is given by

L.T.E. = −h
2

6
· [ f ′′i︸︷︷︸
O(1)

− c′′i ui︸︷︷︸
O(1)

] +O(h4). (13)

Notice that, in comparison to Equation (8), the undesirable term involving u′i
has been eliminated. Thus, the local truncation error is O(h2), independently
of ε, regardless of whether or not c is constant. Note that this scheme does not
reduce to Miller’s scheme when c is constant. Versions of Hegarty’s scheme
which work directly with Equation (1) rather than Equation (3) are presented
in [14, 17].

6 The McCartin Scheme

Motivated by the above observed correlation between the behavior of the
local truncation error in the boundary layer and the order of uniform accuracy
of the corresponding scheme, we next present a variant of the Miller scheme,
Equation (7), which is uniformly second-order accurate for the case of variable
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c. This provides an extension of the treatment of the constant coefficient case
which was successfully examined in [10].

Conceptually, there are no further hurdles to be leaped. However, the
complexity of the required calculations is considerably greater in this more
general case. Fundamental to this development will be the identity

u(m) =
1

ε
·f (m−2)−1

ε
·
[
c(m−2) · u+ (m− 2)c(m−3) · u′ + · · ·+ (m− 2)c′ · u(m−3) + c · u(m−2)

]
,

(14)

for m = 3, . . ., obtained through recursive application of Equation (3).
We commence with

ui+1 − 2ui + ui−1
h2

= 2 ·
∞∑
n=1

h2n−2

(2n)!
· u(2n)i . (15)

With h ∼
√
ε, substituting Equation (14) into Equation (15) and retaining

only those terms which are either O(1) or O(h) yields

ui+1 − 2ui + ui−1
h2

≈ 2·
∞∑
n=1

h2n−2

(2n)!
·
[
c′i · n · (n− 1) · cn−2i

(−ε)n−1
· u′i +

(
−ci
ε

)n−1
· u′′i

]
.

(16)
Factoring out terms not depending on n from Equation (16) and summing the
resulting series produces

ui+1 − 2ui + ui−1
h2

≈ −2(cos zi − 1)

z2i
· u′′i +

zi cos zi − sin zi
2zi

· c
′
i

ci
· u′i, (17)

which, when solved for u′′i , provides the approximation

u′′i ≈ −
z2i

2(cos zi − 1)
· ui+1 − 2ui + ui−1

h2
+

z2i
2(cos zi − 1)

· zi cos zi − sin zi
2zi

· (ln c)′i · u′i.

(18)

The appearance of u′i in Equation (18) presents a new challenge which we
meet as follows. Beginning this time with

ui+1 − ui−1
2h

=
∞∑
n=1

h2n−2

(2n− 1)!
· u(2n−1)i , (19)

we again invoke Equation (14) and retain only terms of an order consistent
with our previous approximations. Summation of the resulting series yields

ui+1 − ui−1
2h

≈ sin zi
zi
· u′i, (20)

which, when solved for u′i, provides the approximation

u′i ≈
zi

sin zi
· ui+1 − ui−1

2h
. (21)
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Combining Equation (21) with Equation (18) results in the second deriva-
tive approximation

u′′i ≈ −
z2i

2(cos zi − 1)
·
[
ui+1 − 2ui + ui−1

h2
− zi cos zi − sin zi

2 sin zi
· (ln c)′i ·

ui+1 − ui−1
2h

]
.

(22)
Utilizing Equation (22) in the approximation of Equation (3) results in the

following primitive form of our new scheme

−ε · z2i
2(cos zi − 1)

·
[
ui+1 − 2ui + ui−1

h2
− zi cos zi − sin zi

2 sin zi
· (ln c)′i ·

ui+1 − ui−1
2h

]
+ci ·ui = fi,

(23)

whose local truncation error is given by

L.T.E. =
h2

12
· [ f ′′i︸︷︷︸
O(1)

− c′′i ui︸︷︷︸
O(1)

] +O(h4). (24)

Thus, we see that this has only half the magnitude of the corresponding ex-
pression, Equation (13), for Hegarty’s scheme. This new scheme also shares
with Hegarty’s scheme the property of being uniformly second-order accurate.

Since z cos z−sin z
2 sin z

= − z2

12
+O(z4), making the further approximation (ln c)′i =

ln (ci+1/ci−1)/2h + O(h2) contributes only an additional O(εz2h2) = O(h4)
error which is independent of ε. Thus, this leads to a loss of neither formal nor
uniform second-order accuracy and the principal term of the truncation error
in Equation (24) is unaltered. The resulting McCartin scheme is thereby

−ε· z2i
2(cos zi − 1)

·
[
ui+1 − 2ui + ui−1

h2
− zi cos zi − sin zi

2 sin zi
· ln
(
ci+1

ci−1

)
· ui+1 − ui−1

4h2

]
+ci·ui = fi,

(25)

7 The McCartin-Hegarty Scheme

Comparison of the principal parts of the local truncation errors of the
Hegarty scheme, Equation (13), and the McCartin scheme, Equation (24),
leads to the surprising conclusion that an appropriate linear combination of
these two schemes will yield a blended scheme which is formally fourth-order
accurate. Specifically,

1

3
· L.T.E.Hegarty +

2

3
· L.T.E.McCartin = O(h4). (26)

The resulting new scheme will be referred to as the McCartin-Hegarty scheme
in what follows.
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8 The McCartin-Hermite Scheme

Another route to achieving formal fourth-order accuracy employs the Mehrstel-
lenverfahren technique (Hermitian method) of L. Collatz [2] wherein we ap-
proximate the O(h2) terms of Equation (24) using

f ′′i =
fi+1 − 2fi + fi−1

h2
+O(h2); c′′i =

ci+1 − 2ci + ci−1
h2

+O(h2) (27)

and incorporate these approximations into our scheme. The resulting Hermi-
tian scheme is

−ε · z2i
2(cos zi − 1)

·
[
ui+1−2ui+ui−1

h2
− zi cos zi−sin zi

2 sin zi
· ln

(
ci+1

ci−1

)
· ui+1−ui−1

4h2

]
+ ci−1+10ci+ci+1

12 · ui = fi−1+10fi+fi+1

12 . (28)

Finally, we may recover the McCartin scheme of [10] in the case of constant
c, together with its attendant uniform fourth-order accuracy, via the following
modification of Equation (28)

−ε · z2i
2(cos zi − 1)

·
[
ui+1 − 2ui + ui−1

h2
− zi cos zi − sin zi

2 sin zi
· ln
(
ci+1

ci−1

)
· ui+1 − ui−1

4h2

]
+
ci−1 + 10ci + ci+1

12
· ui = fi +

1

z2i
·
[
1 +

z2i
2(cos zi − 1)

]
· (fi+1 − 2fi + fi−1). (29)

In the remainder of this paper, Equation (29) will be referred to as the McCartin-
Hermite scheme.

A side benefit of the present approach is that it clearly indicates what is
required to achieve a given level of uniform accuracy. For example, uniform
third-order accuracy would involve c′′i , which is approximable on a three point
stencil, whereas uniform fourth-order accuracy would entail c′′′i , which is not
so approximable.

9 Highly Oscillatory Test Problem

We now present the results of some numerical experiments aimed at demon-
strating the efficacy of the new schemes developed above. First, we present a
model problem for which we know the exact solution. Then, this test problem
is used as the basis for comparison of our schemes with those commonly used
in the literature for the highly oscillatory case. These new schemes provide
greatly improved results in all instances examined.

The variable coefficient two-point boundary value problem

ε · u′′ + 1

(x+ 1)2
· u = 0; u(0) = 1, u(1) =

√
2 (0 < ε < 4) (30)
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Figure 2: Buildup of Oscillations: u(x; ε), ε→ 0+

possesses the analytical solution [18, p. 94] [6, p. 435]

u(x) =
√
x+ 1 ·

cos
[
r ln

(
x+1√

2

)]
cos

[
r ln (
√

2)
] ; r :=

√
1

ε
− 1

4

ε 6= 1

1
4

+
[
(2k+1)π

ln 2

]2
 . (31)

Figure 2 displays the development of the rapid oscillations as ε → 0+ for the
case of uL = 1 and uR =

√
2 . The successive frames correspond to the solution

of the boundary value problem, Equation (31), for ε = 2−m (m = 8, . . . , 13).
In the maximum norm, we have [4, p. 157]

||u(x; ε)− uh(x; ε)||∞ ≤ Chp, (32)

where h := 1/N is the mesh parameter, C is the asymptotic error constant
and p is the asymptotic rate of convergence which is estimated as [4, p. 159]

p ≈ pN := log2

(
||uN/2 − u||∞
||uN − u||∞

)
. (33)

Figures 3 through 8 display, for each method, the exact (solid line) and
numerical (circles) solutions on the left with the corresponding error (dots) on
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the right for ε = 2−13 and N = 32 where h = 1/N . Observe that this is very
close to the resonance located at ε = 1.93777 × 10−3 corresponding to k = 3
in Equation (31). Tables 1 through 6 contain the corresponding maximum
error and convergence rate estimated from Equation (33) for ε = 2−m (m =
8, . . . , 13) and N = 2n (n = 5, . . . , 9).

Table 1 clearly shows the formal second-order accuracy of the Central Dif-
ference scheme as h → 0 for fixed ε. However, the nonuniform nature of this
convergence is evidenced by the variation of the errors as ε → 0 for fixed h.
Table 2 shows a similar nonuniform convergence for the Miller scheme. How-
ever, accuracy has now been considerably enhanced by the elimination of the
O(1/ε) term in the local truncation error.

This contrasts sharply with Table 3 where the uniform second-order accu-
racy of the Hegarty scheme for h→ 0 with fixed ε as well as ε→ 0 with fixed
h is prominently displayed. Likewise, Table 4 clearly indicates the uniform
second-order accuracy of the McCartin scheme, but the error for small h has
now been halved as predicted by the respective local truncation errors.

Tables 5 and 6 testify to the formal fourth-order accuracy of the McCartin-
Hegarty and McCartin-Hermite schemes where both schemes are seen to yield
errors of the same order of magnitude. For ε = 2−8 with N = 32, both
formally fourth-order accurate schemes provide accuracy comparable to that
of the uniformly second-order accurate McCartin scheme with N = 512.

10 Conclusion

In the preceding sections, new higher-order accurate schemes for the steady,
one-dimensional, variable coefficient reaction-diffusion equation of highly oscil-
latory type have been presented. These included a scheme of uniform second-
order accuracy as well as a pair formally fourth-order accurate schemes. De-
tailed derivations as well as extensive comparisons to existing schemes have
been provided. The computational efficacy of the uniformly second-order ac-
curate McCartin scheme is underscored by the fact that the maximum error for
ε = 2−13 with N = 32 is 2.7× 10−2 which is comparable to the corresponding
1.4 × 10−2 error of the formally second order accurate but uniformly zeroth-
order accurate Central Difference scheme with N = 1024 thereby indicating
that only

√
N grid points need be used for comparable accuracy.

These highly oscillatory test case results provide compelling numerical ev-
idence for the validity of the following:

Conjecture 1 (Equivalence of Uniform Consistency and Convergence)
For c(x) and f(x) sufficiently smooth and u(x) defined by

L[u] := ε · u′′(x) + c(x) · u(x)− f(x) = 0; u(0) = uL, u(1) = uR,
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kth-order uniform consistency is equivalent to kth-order uniform convergence.
That is to say,

Lh[uh] = 0⇒ ||u− uh||∞ < Chk (C independent of ε)

if and only if

Lh[u] = L[u] +
∞∑
l=k

Clh
l,

where
lim
h→0

ε=h2

Cl = O(hk−l).

There are a number of directions in which this work could be extended. For
example, the derivation for a non-uniform mesh would be straightforward but
tedious. It is anticipated that this would result in the loss of one order of formal
accuracy. Unlike problems of boundary layer type, there is no obvious analogue
of Shishkin meshes [16]. Finally, treatment of multiple spatial dimensions,
transients, and nonlinearities would each be of substantial interest.

The development of the suite of ideas first outlined in [7] for the higher-
order accurate approximation of singularly perturbed reaction-diffusion prob-
lems culminates in the present paper. This development includes previous
studies of problems of boundary-layer type, with both constant [8] as well as
variable [9] coefficients, and problems of highly-oscillatory type with constant
coefficients [10].
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Figure 3: Central Difference Scheme (ε = 2−9, N = 128)

ε N = 32 N = 64 N = 128 N = 256 N = 512

2−8 8.55438(−2) 2.14154(−2) 5.36024(−3) 1.34057(−3) 3.35161(−4)
2.01465 1.99801 1.99828 1.99816 1.99992

2−9 1.15719(2) 2.59633(2) 6.56319(1) 1.09258(1) 2.52088(0)
-0.190042 -1.16585 1.98400 2.58666 2.11574

2−10 1.11696(1) 6.05255(0) 2.14541(0) 5.99062(−1) 1.54318(−1)
4.72590 0.883963 1.49629 1.84048 1.95680

2−11 1.26028(0) 2.37644(−1) 1.88990(−1) 8.91509(−1) 1.52270(−2)
1.14341 2.40687 0.30492 1.08399 2.54962

2−12 3.99846(0) 8.79394(−1) 1.55535(−1) 3.61813(−2) 9.16297(−3)
-1.41960 2.18486 2.49927 2.10392 1.98136

2−13 4.59173(0) 2.60941(1) 4.55910(−1) 1.54160(−1) 6.99758(−1)
-1.84721 -2.50661 5.83883 1.56432 1.13950

Table 1: Central Difference Scheme: Error and Convergence Rate
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Figure 4: Miller Scheme (ε = 2−9, N = 128)

ε N = 32 N = 64 N = 128 N = 256 N = 512

2−8 1.97604(−2) 4.98751(−3) 1.24687(−3) 3.11717(−4) 7.79293(−5)
1.99444 1.98622 2.00001 2.00000 2.00000

2−9 1.97588(0) 3.83718(−1) 8.94027(−2) 2.19487(−2) 5.46274(−3)
3.01277 2.36438 2.10166 2.02618 2.00644

2−10 3.99909(−1) 1.06491(−1) 2.69752(−2) 6.76637(−3) 1.69368(−3)
2.49561 1.90894 1.98103 1.99518 1.99822

2−11 3.45146(0) 8.73645(−1) 2.18999(−1) 5.47704(−2) 1.36938(−2)
0.377448 1.98209 1.99612 1.99946 1.99987

2−12 9.68145(−1) 2.39350(−1) 5.92155(−2) 1.47694(−2) 3.69461(−3)
2.07766 2.01610 2.01508 2.00336 1.99912

2−13 5.28176(0) 1.83488(0) 4.53676(−1) 1.13984(−1) 2.84669(−2)
-4.19135 1.52533 2.01595 1.99283 2.00147

Table 2: Miller Scheme: Error and Convergence Rate
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Figure 5: Hegarty Scheme (ε = 2−9, N = 128)

ε N = 32 N = 64 N = 128 N = 256 N = 512

2−8 3.12512(−3) 7.75411(−4) 1.93497(−4) 4.83522(−5) 1.20867(−5)
2.04848 2.01088 2.00265 2.00066 2.00016

2−9 1.76549(1) 3.83975(0) 9.33345(−1) 2.31520(−1) 5.77677(−2)
3.34203 2.20098 2.04053 2.01127 2.00280

2−10 4.63871(−1) 1.15652(−1) 2.89048(−2) 7.22584(−3) 1.80696(−3)
1.91821 2.00393 2.00041 2.00007 1.99960

2−11 6.61332(−3) 1.79037(−3) 4.48412(−4) 1.12866(−4) 2.82219(−5)
8.62672 1.88512 1.99736 1.99021 1.99972

2−12 8.46875(−3) 2.27498(−3) 5.59458(−4) 1.39306(−4) 3.47921(−5)
5.42587 1.89630 2.02375 2.00577 2.00143

2−13 1.54895(−1) 2.59639(−3) 5.93482(−4) 1.48089(−4) 3.72528(−5)
3.07482 5.89864 2.12923 2.00274 1.99104

Table 3: Hegarty Scheme: Error and Convergence Rate
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Figure 6: McCartin Scheme (ε = 2−9, N = 128)

ε N = 32 N = 64 N = 128 N = 256 N = 512

2−8 1.57052(−3) 3.88221(−4) 9.67811(−5) 2.41782(−5) 6.04347(−6)
2.06431 2.01629 2.00408 2.00102 2.00026

2−9 6.97846(0) 1.81571(0) 4.60285(−1) 1.15363(−1) 2.88591(−2)
1.77841 1.94237 1.97993 1.99635 1.99908

2−10 2.44597(−1) 5.86412(−2) 1.45036(−2) 3.61613(−3) 9.03679(−4)
2.04030 2.06042 2.01550 2.00389 2.00056

2−11 2.80255(−3) 8.59375(−4) 2.22001(−4) 5.62936(−5) 1.41023(−5)
4.65999 1.70538 1.95272 1.97952 1.99704

2−12 3.96717(−3) 1.13972(−3) 2.80156(−4) 6.96840(−5) 1.73980(−5)
9.67904 1.79943 2.02438 2.00733 2.00191

2−13 2.69854(−2) 1.33931(−3) 2.95581(−4) 7.39882(−5) 1.86230(−5)
3.92498 4.33262 2.17986 1.99819 1.99021

Table 4: McCartin Scheme: Error and Convergence Rate
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Figure 7: McCartin-Hegarty Scheme (ε = 2−9, N = 128)

ε N = 32 N = 64 N = 128 N = 256 N = 512

2−8 5.30529(−6) 3.43746(−7) 2.16653(−8) 1.35705(−9) 8.48699(−11)
3.71622 3.94802 3.98788 3.99684 3.99908

2−9 1.23265(0) 6.94451(−2) 4.25829(−3) 2.64670(−4) 1.65189(−5)
5.14832 4.14975 4.02753 4.00801 4.00201

2−10 8.44104(−3) 5.43530(−4) 3.41724(−5) 2.13877(−6) 1.33756(−7)
3.35439 3.95699 3.99146 3.99798 3.99911

2−11 4.61676(−4) 3.62667(−5) 2.29104(−6) 1.43329(−7) 8.95994(−9)
10.8018 3.67016 3.98457 3.99860 3.99970

2−12 1.86035(−4) 3.37747(−6) 2.97437(−7) 2.05307(−8) 1.32616(−9)
13.4254 5.78349 3.50529 3.85673 3.95246

2−13 6.96220(−2) 2.74088(−5) 2.92324(−6) 1.92424(−7) 1.21269(−8)
3.34674 11.3107 3.22900 3.92521 3.98801

Table 5: McCartin-Hegarty Scheme: Error and Convergence Rate
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Figure 8: McCartin-Hermite Scheme (ε = 2−9, N = 128)

ε N = 32 N = 64 N = 128 N = 256 N = 512

2−8 1.20236(−5) 7.18012(−7) 4.44349(−8) 2.76939(−9) 1.72995(−10)
4.26402 4.06572 4.01424 4.00405 4.00077

2−9 5.49570(−2) 2.99343(−3) 1.81236(−4) 1.12257(−5) 6.99752(−7)
4.71746 4.19843 4.04586 4.01299 4.00382

2−10 4.03167(−3) 1.91440(−4) 1.11115(−5) 6.81459(−7) 4.23911(−8)
5.17360 4.39641 4.10677 4.02728 4.00679

2−11 1.36199(−3) 6.31917(−5) 3.75920(−6) 2.32299(−7) 1.44785(−8)
8.47386 4.42984 4.07124 4.01637 4.00400

2−12 7.46946(−4) 1.96779(−5) 1.15277(−6) 6.90332(−8) 4.26922(−9)
8.99140 5.24636 4.09340 4.06167 4.01525

2−13 9.11497(−2) 2.25142(−4) 9.95099(−6) 5.83636(−7) 3.58504(−8)
2.38222 8.66126 4.49985 4.09170 4.02501

Table 6: McCartin-Hermite Scheme: Error and Convergence Rate
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