View metadata, citation and similar papers at core.ac.uk brought to you by fCORE

provided by Portsmouth University Research Portal (Pure)

Numerical approximations to the scaled first derivatives
of the solution to a two parameter singularly perturbed
problem

E. O'Riordan and M. L. Pickett

School of Mathematical Sciences, Dublin City University, Dublin 9, Ireland. email:
eugene.oriordan@dcu.ie

Department of Mathematics, University of Portsmouth, U.K. email:
maria.pickett@port.ac.uk

Abstract

A singularly perturbed problem involving two singular perturbation parame-
ters is discretized using the classical upwinded finite difference scheme on an
appropriate piecewise-uniform Shishkin mesh. Scaled discrete derivatives (with
scaling only used within the layers) are shown to be parameter uniformly con-
vergent to the scaled first derivatives of the continuous solution.
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1. Introduction

A characteristic feature of singularly perturbed problems is the appearance
of steep gradients in the solution. In order to generate pointwise accurate
parameter-uniform [3] numerical approximations to the solution in the layer
regions, where the steep gradients occur, it is useful to identify the correct scale
of the gradients. In the case of singular perturbation problems involving one
perturbation parameter, this scale is normally some inverse power of the sin-
gular perturbation parameter. In the case of singular perturbation problems
involving two perturbation parameters, the scale of the gradients appearing in
the layer regions can depend on one or both singular perturbation parameters.
Outside the layer regions, the gradients are of order one. In this paper, we gen-
erate pointwise accurate numerical approximations to both the solution and the
scaled first derivative of the solution. The first derivative of the solution is un-
bounded within the layers and so we estimate the accuracy of an appropriately
scaled first derivative within the layered regions.

In the case of singularly perturbed boundary value problems of the form

—eu” + a(z)u' () + b(z)u = f(x),z € (0,1); a(x),b(z),e > 0;
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which contain a single perturbation parameter 0 < ¢ < 1, parameter-uniform
pointwise error bounds [3] on numerical approximations to the scaled first deriva-
tive eu’ have been established [1, 2, 3]. In these publications, a scaling factor of &
is applied (to the error in estimating u’) throughout the domain [0, 1]. Kopteva
and Stynes [8] established a first order error bound for approximations to the
first derivative of the solution, where the scaling was only applied within the
computational layer region, where x; < Celn N. Shishkin [15, 16] examined a
more sophisticated metric, which involved the scaling factor smoothly changing
from a scale of € for x < e to no scaling outside the analytical layer region, where
x > Celn(1/e). However, Shishkin [16] also established that a numerical method
combining an upwind finite difference scheme with a piecewise-uniform layer-
adapted mesh is not a parameter-uniform numerical method in this new metric.
In this paper, we will establish parameter-uniform bounds on approximations
to the scaled first derivative of the solution of the two parameter singularly
perturbed boundary value problem

—eu” + pa(z)u’ (x) + b(z)u = f(z),r € (0,1); a(x),b(x),e > 0,u > 0;

where we simply scale (by appropriate factors) within the analytical layer regions
only. Our method of proof is based on the analysis in [5, 6, 7], which dealt
with singularly perturbed parabolic and elliptic problems containing a single
perturbation parameter.

In [4] a second order parameter-uniform scheme was constructed for the two
parameter problem. Using the same scaling (as in the current paper) such a
scheme automatically has first order (ignoring logarithmic factors) convergence
for the scaled first derivatives. However, the finite difference operator involved in
the scheme from [4] is rather complicated. Here, we deal with the simple upwind
finite difference operator, which is only a first order scheme for the solution.
Nevertheless, we will prove that this simple numerical method generates first
order (up to logarithmic factors) approximations to the scaled first derivatives.
The key ingredient within the numerical method is the design of a suitable
piecewise-uniform Shishkin mesh.

Note that in [9, 10, 17], the transition parameters for the Shishkin mesh,
involve the maximum and minimum values (taken over the range of the inde-
pendent variable z € [0,1]) of the roots of the quadratic function —eA?(z) +
pa(x)A(z) + b(z), which is non-trivial in the case of variable coefficients. Below
the appropriate scaled weighting factors to be used in estimating the derivatives
and in the choice of the transition parameters for the mesh are explicitly stated
in terms of the two singular perturbation parameters € and p. Note also that
the decomposition of the continuous solution derived in §2 is different to the
decomposition used in [9, 10, 17].

Most of the recent literature on two-parameter singularly perturbed prob-
lems (e.g., see [4, 9, 10, 12] and the references therein) deals with parameter-
uniform C°-convergence. In this paper, we focus on parameter-uniform conver-
gence in a weighted C! norm. In [14] the authors consider numerical approxi-
mations to the scaled first derivative of the solution of the singularly perturbed



two parameter problem. The method of proof is based on the argument given
in [3] for the special case of ;x = 1. However, many of the main results (e.g. [14,
Lemma 5]) are stated without proof and certain crucial steps in the supplied
proofs do not hold up to scrutiny (e.g. see the bound (16) in [14, Lemma 10]
and note that in the left layer region [14, Lemma 7] simply yields that the error
is bounded by CN~1). In this paper, we use a different method of proof from
[3] and all the relevant details for the proofs are supplied.

In the broad context of singularly perturbed problems, there are two main
classes of problems (reaction-diffusion and convection-diffusion) studied in the
literature. One attraction of considering the two-parameter-problem is that this
problem class encompasses both of these classes. Nevertheless, in the proofs of
the main results given below, we see that this classification into two types of
problem classes persists. The numerical analysis presented below re-enforces the
distinction between singularly perturbed problems of reaction-diffusion type and
those of convection-diffusion type.

In this paper, we measure the accuracy of the numerical approximations in
an appropriately weighted C! norm (see the definition given in (10)). Note that
not all norms are suitable for singularly perturbed problems. For example, the
standard weighted energy norm

1
lull% = ellw'llg + lullgs  vll3 1:/0 v (@) da,

measures the size of the left and right layer functions wy,, wg (defined below in
(5¢, 5d)) as small, when both parameters €, u are small; since

max{[lwz ||, |wrlE} < Cmax{Ve, u}.

However, both of these layer functions are O(1) in the standard Lo, norm.
The paper is structured as follows. In §2, parameter-explicit a priori bounds
on the derivatives of the continuous solution are established. These bounds
motivate the scaling used in the definition of the scaled C'-norm, which is the
norm used to measure the error in the numerical approximations. The numerical
method is constructed in §3. Section 4 is the core section, where the nodal error
analysis is given. The global error analysis is conducted in §5 and numerical
results for a sample problem are given in §6. Some of the proofs are deferred to
the Appendices and additional technical details are available in [13].
Notation: Throughout the paper, C' denotes a generic constant that is inde-
pendent of the singular perturbation parameters ¢, u and the number of mesh
elements N. We adopt the following notation for the semi-norms of the solution:

dFz
. _ 1.(k) o _ .
floai=| T, = 12%lo, [elo = sw @], D= (@b [o.1]

and the subscript D is omitted if D = [0,1]. The following notation appears
throughout the paper:

2 1/ /6
9::max{17%}, oL :zmax{l,i %} and ppr := max{l, %},



where « and vy are positive free parameters which are strictly bounded above
by (1c). The analytical layer widths (defined in (9)) are denoted by 71, 7 and
the computational layer widths (defined in (11b)) are denoted by or,,0R.

2. Continuous problem

Find u € C°(Q) N C°(Q) such that

L. u:=—cu" + pa(z)u’ + b(x)u = f(z), z € Q:=(0,1), (la)
w(0) =0, (1) =0, (1b)

. bx)
a(z) > a >0, zren[(l)nl](m) >v>0, ze€Q. (1c)

The functions a,b and f are assumed to be sufficiently smooth on  and the
perturbation parameters satisfy 0 < ¢ < 1, 0 < u < 1. Since the problem (1)
is linear, there is no loss in generality in assuming zero boundary conditions.
Our interest lies in the case where ¢, u are both small parameters. Given the
constraint (1c), there is no loss in generality in assuming that

b+ 2pmax{a’} > 0; (2)

as the case where p > po > 0, and po is a fixed positive constant, has been
dealt with in earlier publications [7].
As in [12] the problem naturally splits into the two separate cases of:

2 2
0< <1 and Y >

ve ye
We refer to the first case as the reaction-dominated case and the second case as
the convection-dominated case. We associate the following parameter

2
max{1, %} > 0 := max{l, %} >1; (3)

with this division of the parameter space P. , := {(e,p) : 0<e <1, 0 < p <
1}. Our first result establishes preliminary parameter-explicit bounds on the
continuous solution and it’s derivatives.

Lemma 1. Assume a,b, f € C3(Q), then the solution u of problem (1) satisfies

=
IA

1
Vfallfll; (4a)
Veblulp < O+ 0)l|ull +CIIf]; (4b)

and, for all k such that 2 < k <5;

k—2
b2 ul, < COFPPTVA 4 0)||ul| + C D e/20H—ID2 £, (4c)
j=0



Proof. We follow the argument in [11, Lemma 2.2]. By the maximum principle
lu]| < C. Given any x € (0,1), we construct an open neighbourhood N, :=
(p,p + r) such that z € N, C (0,1). By the Mean Value Theorem, there exists
ay € N, such that

oy e tr) —ulp) 2l
()] = |22 =) 2l
Note that
W () = d(y) +/9«‘ o dt = d(y) —&—é/z pau' +bu — f dt
t=y t=y
= d(y)+ g((au)(:c) — (au)(y)) — i/t:y ua'u —bu+ f dt.
Thus

, 1 p r
<O(=+=+- =l
/@) < O+ £+ Dull + £

By taking the radius r of the neighbourhood N, to be

S
V200’

we obtain the desired bound on |u|;. Use the differential equation (1a) to obtain
the bound on |u|z and by differentiating both sides of the differential equation
we obtain bounds on all the higher derivatives. See [13] for details. O

In order to obtain parameter-uniform error estimates on the numerical ap-
proximations, constructed in later sections, we decompose the solution into reg-
ular and singular components. The regular component is constructed so that
the first three derivatives of this component are bounded independently of the
parameters €, u. The solution of (1) is decomposed into the following sum

u(z) = v(z) + ((u = v)(0))wr(z) + ((u — v — wr)(1))wr(z); (5a)

where wy, and wg satisfy homogeneous differential equations and

L.,v = f, (v(0) and v(1) chosen appropriately), (5b)
L., ,wr = 0, wg(0)=0, wg(l) =1, (5¢)
LE,#U/L = O, U)L(O) =1 (5d)

€
if p? < l, wr,(1) = 0 else wg,(1) is chosen appropriately.
@
We introduce the following notation for the reduced differential operators Lo, L,
Loz :=bz and L,z :=paz’ +bz.

In the next Theorem, we refine the bounds on the continuous solution u
given in Lemma 1. These sharper bounds identify both the location and the



scale of the layers, which are used in the construction of the piecewise-uniform
Shishkin mesh [3]. In addition, these bounds identify the appropriate scaling
to use when estimating the error in approximating the first derivatives of the
continuous solution u. For example, from these bounds we see that

|u'(z)] < C, for 2\/5?01n1§x§1—1/81n\/§.
NAIRVET] yalb €

Theorem 1. Assume that a € C7(Q),b,f € C%(Q). Boundary conditions
v(0), v(1) for the regular component v can be chosen so that the derivatives of
the regular component (defined in (5b)) satisfy the bounds

0) |v|ksC<1+(\/§)3"“>, for 0<k<5. (6)

When the solution u of problem (1) is decomposed as in (5a), the singular com-
ponents wy, and wg (defined in (5¢c, 5d)) satisfy the following bounds

Ner Ner1d

(i) |wp(z)] < Ce 3" | Jwp(z)| < Ce™VF 179, (7a)
dF 0.k _ a8 q_,

) #(m)’ <o g)ke ) < g < (7h)
dkwL

1 _IE
@] <C(o5) a+o e i, 1<k<s ()

Proof. The argument follows [4, §3] closely. See Appendix A for details. O

(iv)

dz*

Based on the bounds (7b) and (7c), we identify the decay rates in each of
the layer regions by

1 a Oyo
PL ::max{l,iq/g—g} and ppg := max{l, %} (8)

and the associated layer widths (for the continuous solution) to be
1 1
—1Ilnpy and —Inpg.
PL PR

Note that in the reaction-dominated case (where § = 1) the layer widths are
O(V/¢) at both ends and in the convection-dominated case (where § > 1) the
layer widths are O(u) on the left and O(ep~!) on the right.

Throughout the paper we shall assume that the parameters € and p are such
that pr > 1 and pgr > 1. When p;, = 1 then fe > C, which combined with
the bounds in (7c¢) indicate that there is no layer on the left (or on the right if
pr = 1). This case can be analysed using classical arguments.

Note that

1 1
lwi(x)| <C, x> —1Inpy, and |wi(z)] <C, 2<1——Inpg.
PL PR



In order to establish the main parameter-uniform error bound, we define the
following (slightly wider) analytical layer widths to be

(1 2 L lo2
TL 1= mm{f, —lan} , TR = mln{ﬂ 7111PR} (9)
4 PL 4 pR

and we choose to measure the accuracy of our numerical approximations in the
following weighted C'* norm

veb, itz <7p,
lvll,x := x| + [|v]], where x(z):= 1, if Tp<zr<l-—r7g, (10)

\/%, if z>1—17g.
3. Discrete Problem

A piecewise-uniform Shishkin mesh [3] is constructed as follows. The domain
is subdivided into three subintervals:

[0,0L]U [op,1 —or]U[l —0og,1]; (11a)

where the transition parameters between the subintervals are taken to be
1 2 1 4
or, :min{7 lnN}7 OR :min{, lnN}. (11b)
4 PL 4 PR
Throughout most of the analysis in this paper we shall deal with the case where

op <op <1/4. (12)

On each of the two end subintervals a uniform mesh with % mesh-intervals is
placed. The remainder of the mesh points are placed in the inner coarse mesh
region. Throughout the paper, the mesh steps are denoted by

hi =z — 21, 2h; == @41 — T

and hp, H, hr denote the mesh width in the left fine mesh, the central coarse
mesh and the right fine mesh, respectively. The subsequent layer-adapted piece-
wise uniform mesh will be denoted by wé\f ,- By this choice of transition param-
eters, we see that for k = 1,2,

k| dAwr -1 k
k| 4" wr -1 k

The discrete problem is of the form:

LNU(z;) = (—e6*+paD™ +b)U(z;) = f(z:), zi €wly (13a)

U(0) =u(0), U(1)=u(l); (13b)



where D~ denotes the backward difference operator and 62 is the standard
replacement to the second derivative on a non-uniform mesh. ' Note that this
finite difference operator LY satisfies a discrete minimum principle: If Z is a
mesh function such that Z(0) > 0,Z(1) > 0 and LY Z(2;) > 0,2; € wl,, then
Z(I7) >0,x; € (Dgu.

Analogous to the continuous solution, the discrete solution can be decom-
posed into the sum U = V 4+ W, + Wpg, where the components are the solutions

of the problems

(LYV)(z:) = flz),  V(0)=2(0), V(1) =wv(1); (14a)
(LNWL)(!EZ) = O, WL(O) :wL(O), WL(l) = L(l ; (14b)
(L"Wg)(zi) = 0,  Wg(0) =wgr(0) =0, Wg(1) =wg(1). (14c)

In the next result, we establish bounds on the discrete layer components, which
are the discrete counterparts to the bounds (7a) established on the continuous
layer components. Note the different decay rates in (15a, 15b), which arise from
the fact that the discrete second derivatives of the barrier functions ¥y, Uy are
positive and have the different scales e52¥, = O(1) and e52¥ i = O(6).

Theorem 2. Assume (12). We have the following bounds on Wi, and Wg

We(a)| < CT[(+peh) ™t = Wp(z;),  ¥L(0):=C:  (5a)
i=1

N

|WR(Z‘J)‘ S C H (1+0-5pRhi)_1 = \I’R(LL']*), \I/R(l) = C. (15b)
i=7+1

Proof. (i) We begin with the left boundary layer function Wr. Recall that
wr,(1) # 0, when 6 # 1. In this special case, observe that

pr= L. if 041
2p
From this and the inequality e=* < (1 + 2)~',2 > 0, one can deduce that
W (1) > Ce 2, when 6 # 1. Hence for all 6, W (1) > |wg(1)| and W1 (0) >
|wg,(0)]. Next we consider the interior mesh points.
Consider ®F(z;) := ¥y (x;) + Wr(x;), where W (x;) is defined in (15a).
Using the properties ¥, (z;) > 0,

h.
D™V (zj) = —pLVr(z;) <0, and §*¥p(a;) = pQL\I/L(xj-H)% >0,
J

IThe finite difference operators D+, D~ ,§2 are, respectively, defined by

M; D™ Z(x;) := DV Z(zi_1); 6%2Z(x;) := D+Z(Ii),_D7Z(xi).
hit1 hi

DY Z(x;) :=



we obtain
LN®F (2;) >
Vi (zj41) (250L2 (1 - };JT?) + (b —2epr® — papr, + (b — WPL)PthH) :
Note that (b — papr) = a(% — ppr) > avy0.5 and
2

b ya p |y 1 1 [ap
b—2epr? — =a(——=———=4/—) > 1——=—=y/——)>0
PL- T HAPL a(a 20a 2 05) - a'y( 20 2 795) -

Now using the discrete minimum principle we obtain the required bound (15a).
(ii) The same argument is applied to bound Wg. Using

PR’ h;

D Wg(z;) = 0.5prVUR(z;) and  §*Wg(z;) = W‘I’R(%‘)#y
: J J

we obtain (noting ay — epgr > 0) the inequality
LNUR(x;) > VUp(zj_1) ( —0.5epr> + (b+ 0.5papr)(1 + 0.5,0th)> > 0.

Use the discrete minimum principle to obtain the required bound (15b). O
From these bounds we deduce that, for all ; <1 —og,
\Wr(z:)| < |Wgr(1—or)| <CN™% (16a)
and, at the left end, for all z; > o,
Wi (z;)| < [Wi(op) < CN72 (16b)
Hence, outside their corresponding layer regions, the discrete layer functions
Wr,Wg are small, from a computational perspective.
4. Nodal error analysis
We denote the nodal error and associated truncation error, respectively, by
e(z;) == Ul(z;) —u(x;), and T(x;):= LVe(x;).

When bounding the local truncation error, we utilize the following standard
bounds at all mesh points, excluding the transition points: For all x; # o7, 1—0g

LY (U — u)(z))] <
Ch; (6 max{[u®|

oo} APl e)s (17)

[Ii71’$i+1]’hi||U(4)|

and at all mesh points

ILN(U = w)(2:))] < Ce(hi + hisy)|[u® ||, i1y + Crihil[u®)]

[zio1,2i]" (18)



We define the discrete error flux to be
U; :=D7e(x;), if0<ax <1

On a piecewise-uniform mesh the finite difference operators 62 and D~ do not
commute on a non-uniform mesh. Based on this observation, we define a new
finite difference operator 62 by

1

5221‘ =
R

hivi e _ P poy g,
( I, D hile )Zl, (19)

which has the property that
6*D~7Z; = D627,

on an arbitrary mesh. Note that the second order operator is 62 on the left
and 62 on the right of this identity. Hence, this identity is not a statement of
commutativity. Note the following identity (Discrete derivatives of a product of
two mesh functions)

Using these identities and D~ (LVe(z;)) = D~ T (x;), we see that for all mesh
points within the region (hq,1), the discrete flux U; satisfies

f,NU(xi) = D T(x;) —e(xi—1)D7b(z;), x; € (hy,1); (21)
where for the internal mesh points
LN Z(2;) == (—e6% + pa(zi_1)D™ + (b+ pD~a)(x)1) Z(z;), (22)

and for the end points LN Z(z;) := Z(x;) for ; = hq, 1.
Based on classical bounds on the truncation error, at any mesh point,

D@/~ D) < OO+ )

[i—2,24]> (23a)

(3

hi—1 + Ry
D7 (" = )] < O+ LI O (23D)

In addition, if h;_1 = h;, then

D™ (' = D™ u)(@:)] < Chil[u® |2, , 2., (23c)
and if hi—l = ]’Ll = hi-{-la then
|D7(u” - 52“) (IZ)| < Cmax{hi||u(4) ||[$i—1;17'i+1} ) h? HU(S) H [$'i—27$i+1]}' (23d)

Based on the assumption (2) the discrete operator LN (22) satisfies a discrete
comparison principle. To bound the error in the discrete flux U;, we employ a
standard stability and consistency argument using the operator LV (and not

10



the operator L). To this end we bound D~ (LY (e(x;))) and the error fluxes
at the endpoints of the interval (hy,1). The main complication in the analysis
is the construction of suitable discrete barrier functions.

Now we deduce bounds on the regular V := D~ (V — v) and the singular
components Wy, 1= D~ (W — wgr), Wg := D~ (Wgr — wg) of the discrete error
flux Y. We begin with the singular component Wi, as in this case the analysis
is a little easier. We will need an appropriate bound on the boundary error flux
|D* (W —wp)(0)]. We achieve this by sharping the standard nodal error bound
|(Wr —wp)(x;)] < CN~1In N, within the layer region on the left, to reflect the
fact that (Wr —w;)(0) = 0.

Lemma 2. Assume (12). For sufficiently large N,
Veb| DY (W —w)(0)] < CN~'(InN), (24)
where W, is the solution of (14b) and wy, is the solution of (5d).

Proof. (i) In the convection-diffusion case of § > 1, we introduce the following
linear discrete barrier function

X _
B(z;) == CiHLN(WL —wp)|(0,0r) + CN 2,

so that LNB > C||LN (W — wg)||. Note that this barrier function cannot
be used in the reaction-diffusion case when # = 1, as it involves the multiple
p~t. Here |LN (W, —wi)||(0,0,) is the truncation error associated with the left
singular component wy,. In the boundary layer region (0,07,), using (7c) and
the standard truncation error bounds (17) we have that

L
HLN(WL - wL)H(O,aL) < C(é + E)N 1 In N.

In addition, by (7a) and (16b) we can deduce that (W — wr)(0) = 0 and
(W, —wpr)(or)] < CN72. From the discrete minimum principle, we have that

1 1
|(Wr —wp)(z;)| < B(x;) < Cﬂci(ﬁ—&—\/?)N_llmN—i—CN_Q7 for x; € [0, 0],

and, in particular,

1 1
- < — 4+ — ) )N"'lnN N2,
|(Wr —wr)(he)| < ChL(,uG + \/;9) nN+C

Therefore, when 6 > 1,

1 1
Ved| DT (W, — 0) < CVed(— + —)N"'InN+CN!
ed| DT (W —wr)(0)] < s(eu \/579) n
< CN Y(InN).

11



(ii) In the reaction-diffusion case, where § = 1, we utilize the bound (16b)
to allow us confine the truncation error estimate (17) to the fine uniform mesh.
For all mesh points x; € (0,0y), this yields

ILN(WL — wL)(xz)| <C (N_lh’lN—l— %

a ) (N~'In N).

Consider the following discrete barrier function
N-'lnN T;

Cl——F—+—%

(5

and using the discrete minimum principle we get that

> (N"'InN) + CN~2

(N~'1n N)?
p

Now we have, for the case when 6§ = 1,

hr

+(N~'In N)ﬁ

(W2, — wz) (b)) sc( )+CN‘2.

N~1'lnN)? h
VEDT W —wp)(0) < Y2 <(n) + (Nl N)L> +ON!
hr B Ve
< CN'InN.
Hence we have completed the proof for both § > 1 and 6 = 1. O

Note that by examining the bounds in the above Lemma, we have the nodal
error bound
(W, —wp)(x;)] < CN~H(In N)?% (25)

Theorem 3. Assume (12). We have the bounds

\/»ID_(WL—wL)( Jl < CN'InN, if 0<a;<op,
“(Wp —wp)(x;)] < ON7Y  if op<uz;<1—op,
\/>|D (Wr —wp)(z;)] < CN™', if 1—op<uz; <1,

where W, is the solution of (14b) and wy, is the solution of (5d).

Proof. Using the bounds (7a) and (16b), respectively, on wy, and Wy we see
that outside the left layer region

(W —wp)(x;)| < CN™2, z; >o0p.
Combining this bound with the fact that hg = C \/gN ~!In N we deduce that
(WL —wp)(x;)| < CN~' if op<xz; <1—o0pg,

\fD (Wr —wg)(z;)] < CN7' if z;>1—o0pg.

12



It remains to establish the bound in the left layer region, where the derivatives
of the left boundary layer function wy, are significant. From (7a) we have that

VAahp —yAdop
\wL(oL—hL)|<Ce 2vVe0 e 2vee <CN_

and using Theorem 2, with py, := \/j5- it follows that

\Wi(op —hy)| < C(L+ prhr)(1+ prhy)~T < CN72 (26)
Repeat the earlier argument to get that
Vel D™ (Wy —wp)(op)| < CWN 2<CONL

Using the truncation error bounds (23) in the region (0, 0r) we have

. c
IND~ (W —wp)(x))] < ——N"'InN.
I ( L L)( )l = @
N~ 'lnN

Complete the proof using the discrete constant barrier function o Lemma
2, the lower bound b > ya and the end-point bound of

Vel D~ (W, —wp)(op)| < CN7L.
O

The analysis is more elaborate in the case of the right layer component. We
first need an appropriate bound on the outgoing error flux |[D~(Wgr — wg)(1)].
We again achieve this by sharping the standard nodal error bound |(Wg —
wg)(z;)] < CN~'In N, within the layer region on the right, to reflect the fact
that (WR — wR)(l) =0.

Lemma 3. Assume (12). For sufficiently large N,
\/§|D‘(WR —wg)(1)] < CN~(InN)?, (27)
where Wg is the solution of (14c) and wg is the solution of (5c¢).
Proof. Consider the discrete function 1 (x;) defined by
—6%) + VeOAD p =0, z; € (1 —op, 1
l—om) =L () =0 A= ||a||f.

Observe that

1-(1+p"" 0
Y(z;) = W, where p := gAhR-

13



Note also that

)—N/4 < CN_l.

Aln N
D ¢(z) <0 and (1+p) " Mi<(1+ %

Hence ¥(x;) < C(1 — (1 4 p)*=N) for N sufficiently large. Now we define a
barrier function to deduce appropriate bounds for Wy . First, we note that
LN (2 — 1+ ortp(x:)) > pa(e:) + or(pale;) — VedA)D 9 (w;) > pa.
(i) When 0 > 1, define the following discrete barrier function
B(x;) = Cpu Y |LN(Wr — wr)ll(1—op) (xi — 1+ optp(z:)) + CN72,  (28)

where LY (Wg — wg) is the truncation error associated with the singular com-
ponent wg. In the boundary layer region

0, _
LN (W = wr)ll1—ag1) < C(O+ u\[w UIn N.

Using the discrete maximum principle we then have that, for ; € [1 — og, 1]

|(WR — wR)(mi)| < B(l‘l) < C(% + \/?)N_l 1nN(a:i -1+ O'Rw(l'z)) + ON_2

and
0 0
|(WR — wR)(l — hR)| < ChR(; + \/;)N_l(lnN)Q + CN~2,
Therefore, when 6 > 1,
€ Ve 0 01 2 —1 -1 2
- < C—=(- - )N (InN CN™ <CN (InN)=.
ol < e s [hnmnysont <onm)
(ii) In the other case, where § = 1, we can use the truncation error bound
(17) in the boundary layer region (1 —og, 1),

LN (Wg —wg)(z:)] < C(N"'InN + %)N’l In N.

Using the discrete maximum principle we can deduce that

= wn)e) < CEEE 41 o)
which yields the required result for the case of 8 = 1. O
In passing, we note that the nodal error bound
|(Wr — wg)(z;)] < CN~'(InN)?, (29)

follows from the bounds established in the above Lemma

14



Theorem 4. Assume (12). We have the bounds

\/7|D7(WR—U)R)( )| < CNil, if x; <op,
“(Wr—wg)(z;)] < CN7', if op<x;<1—opg,
\/7|D (Wr —wg)(z)] < CON'InN)? if z;>1—o0g;

where Wg is the solution of (14¢c) and wg is the solution of (5¢).

Proof. Using the bounds (7a) and (16a) on wr and Wg, we see that outside the
layer region (1 — og, 1) we have

|(WR—’LUR)(J?1')|§CN_2, ngigl—aR.

Using this bound along with the mesh step hy = CveON~'In N, we deduce
that

Vel| D™ (Wg — wg)(z;)|
|D™ (Wr — wr)(z:)]

CN™Y if x; <oy,

<
< CN7Y if o<z <1—o0g.

When z; =1 —0r + hg,1 — or + 2hr we also have

2/7alhy _ VAalop 4
lwr(x;)| < Ce™ vE e~ v < CN

9v

and using Theorem 2, with pg := 2 we have

N
4

[Wr(z:)| < C(1+0.5prhr)*(1+0.5prhg)"* <CN 2 (30)

We therefore have established that
\/§|WR|SCN_1, J,‘izl—O'R—i-hR,l—O'R—FQhR.

In the region (1 — og + hg, 1), using the truncation error bounds (23) and
the exponential bounds in Theorem 1 we see that

5 3
C\fN‘llnN /2 (/8 +u \/y e~V A-D)
0 0 € €

+ CN'lnnN

fN 1111N<9+ / ) Y ’yae(l 11+1)+CN llnN

In the case of # = 1, this truncation error bound simplifies to

iN,MWR

IN

IN

- N 1lnN
ILNWg| < C——F+—, if 0=1,
NG

15



and the result follows using a constant discrete barrier function.
When 6 > 1, the truncation error bound is of the form

LY Wr (2)| < C\/EN_llnNee—v”?"“—“H)+CN—11nN.

Consider the discrete barrier function

0 0.
\ijl InN(1+ (14 hg %)ZH*N)

and use the strict inequality a(z) > « and (1 +¢)~t > e~* to get the required
result. O

We next examine the error associated with the regular component.

Lemma 4. For the discrete regular component V' and the continuous regular
component v we have the bound

_ 9 _ _
DV 0Ol <ON [ ) < on

Proof. The proof is given in Appendix B. O

Within the proof of Lemma 4, one can see that we have established the nodal
error bound ||V —v|| < CN~1z;4+CN~2. Using the corresponding earlier bounds
on the nodal error on the layer components, we now have the parameter-uniform
nodal error bound

|U = ullgy < CN~HInN)2. (31)

In the next theorem, the definition of 62 comes into play into the numerical
analysis for the first time, as the consistency bound is derived over the entire
(non-uniform) mesh. The use of the operator 62 results in isolated jumps in the
truncation error at the four mesh points oy,0r, + H,1 —og + hgr,1 — oRg.

Theorem 5. Assume (12). We have

|ID=(V —v)(x;)] < CN7Y if oy <oy,
|ID=(V —v)(x;)] < CN'InN)2ifl—op <a;<1—o0pg,
%|D‘(V —v)(z)] < ON"(InN)2ifw; >1—on.
Proof. The proof is given in Appendix C. O

Given the bounds in Theorems 3, 4 and 5, it only remains to remove the
scaling factors in certain parts of the layer regions, in the particular case where
the analytical layer width is thinner than the computational layer width. That
is, if 7, < o, (or 7g < o) then we need to remove the scaling factor v/f (or
\/%) from the bounds within the region 7, < z; < o, (or 1 —op < z; < 1—7R).

16



Theorem 6. Assume (12). We have the scaled nodal error bounds

Vel D~ (U —u)(z;)] < CN7' if z; <7y,
[ID=(U — u)(z;)] < C’N_l(lnN)27 if 1—7p<x2; <1—7pg,
\/§|D_(U—u)(xi)| < CN YInN)2, if z;>1—7g,

where T, Tr are defined in (9).

Proof. The proof is given in Appendix D. O

5. Global error bounds

In this section, we examine the global accuracy of the linear interpolant

N—-1
Ulz) = Z Ulz)gi(z), zel0,1],

where ¢;(x) is the standard piecewise linear basis functions, defined by the nodal
values of ¢;(xr) = 0; . Note that

(i —u)(z) = D™ u(zr;) —u'(x), x€ (wi_1,x);

and, hence, we have the following bound on the linear interpolant g (for any
g € C1) in the subinterval I; := (z;_1, ;)

lg =gl < Cmin{hfllg”lluv/ lg'(¢)]dt} (32a)
t=x;—1
g —9)lln. < Cmin{hillg” ||z, llg"ll.}- (32b)

We conclude with the statement of the main result of this paper.

Theorem 7. If u is the continuous solution of problem (1) and U is the com-
puted solution of (11, 8, 13), then

lu—TUliy < CN'InN, assuming (12),
lu—Uliy < CN 'InN)3 not assuming (12);
where the norm || - |1, is defined in (10).

Proof. We only deal with the case where (12) applies. (See [13] for the other
case). Using the decomposition v = v + (u — v)(0)wy, + (v — v — wr)(1)wg,
splitting the argument to inside and outside the computational layer regions
[0,0L],[1 — oR, 1], using the bounds (32a), (7b) and (7c), we have the following
interpolation error

|lu—al <C(N~*InN)?% (33)
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We next want to estimate the global error in approximating the scaled flux. For
the regular component it trivially follows that

I(v=2)'lr, <CNT

For the left layer component, we first consider the case where 7, < o;. By
using the bound (32b), we can obtain

Vel||(wy, —wr)'||l;, <CN 'InN, for x; <7y,

hy _vi=
IiSC?ge QMTLSCN_llnN, for T <z; <oy,

[(wr, —wr)

_ e _ Ve
(wr, — @) ||1, < ——e aver7te iva™ < ON7Y, for a; > oy.

€0
For the alternative case, where oy, < 77, we have the bounds
Veb||(wy —wr)'||;, <CN *InN, for z; <oy,

_ e
Veb||(wy —wr) ||, < Ce 2ver oL <CN72, for op <z <71,

C _va=. e

_ / TL oL —1

wr, —wr) ||, £ —=e e te aveett KON, for ;> 7.

It ) = i

A similar argument is used to obtain the corresponding bounds for the right
layer component (See [13] for details). From these bounds, we deduce that

|u— a1, <CN~'InN. (34)

Combining the interpolation bound (33) with the nodal error bound (31), we
arrive at the following global error estimate:

|[u—TU|| <CN 'InN.
Note also that (U —@)'(z) = D~ (U —u)(x;), VYx € (zi_1,;]. Use this bound,
Theorem 6 and the interpolation bound in (34) to complete the proof.
O

Remark 1. The error bounds in Theorem 7 extend to the case of —1 < pu <0,
when the first order operator D™ is replaced by DT in the definition of LY and
the definition of the piecewise uniform mesh is modified to

_ Oya _ 1 [~va
p = max{l, ?} and pp = max{l,i 6—&_}7
1 4 1 2
or :min{, _lnN} and og :min{, _lnN}.
4" py 4" pp
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6. Numerical results
Consider the following two parameter singularly perturbed problem
—eu” + p(1 + 2 + (2 — x)u = 2*; u(0) =1,u(1) =0. (35)

For this particular problem the parameters (1c) are « = 1,7 = 0.5. Prob-
lem (35) is a variable coefficient problem, whose exact solution u and it’s first
derivative u’ were numerically approximated by applying the upwind finite dif-
ference (13a) on a fine piecewise-uniform Shishkin mesh Qy;,. (11),(11b) with
N = 4096. From this numerical solution, global approximations w4, u’y were
generated using linear interpolation U and piecewise constant interpolation

wy(x) .= D U(zg), © € (xp—1,7x), k= 1,...4096; u/4(0) := D~ U(x1),

respectively, over this fine Shishkin mesh.

Numerical approximations U to the solution u of (35) were subsequently gen-
erated over the parameter sets S := {27%;j = 0,1,...,30}, S, = {27%;j =
0,1,...,10} and a sequence of meshes (11),(11b) with N = {2¥:k =6,7,...,10}.
For each set of parameters, global approximations U (to the solution u of (35))
and (D~U) to v/ (the derivative of the solution of (35)) were generated using
linear interpolation over the coarse mesh. For each particular triple (e, u, N) of
parameter values, the global scaled C! error |[u — U], (as defined in (10)) is
estimated by calculating

EL, = |Ix(ua = (D=0))lasn. + lua = Ullay,,.-

The results presented in Tables 1 and 2 display parameter-uniform convergence
in the || - |1,y norm.

For each N, the parameter-uniform orders of global convergence pv are
estimated by computing

EN .= Eé%}i Eftv, Eiv = Ia%%’):EéV“ and pV :=log,(EYN /E*N),
which are displayed in Table 3. For the particular test problem (35), these
parameter-uniform orders of global convergence are higher than the theoretical
rates established in Theorem 7. In [13], similiar numerical results for a constant
coefficient two parameter problem are presented.

In [13], numerical results for a constant coefficient two parameter boundary
value problem are seen to be also in line with the theoretical rates established
in Theorem 7. In passing we note that the parameter-uniform convergence of
the scaled discrete partial derivatives is also illustrated for variable coefficient
elliptic and parabolic test problems, in the case of one parameter singularly
perturbed partial differential equations, in [5, 6, 7].
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Table 1: Computed global errors EE5

N
72747

where = 274 and ¢ varies

Table 2: Computed maximum global errors E

T}

set Se = {e =2727,j =0,1..,20} for various values of x

e/ N 64 128 256 512 1024
20 1.42e-02 7.07e-03 3.44e-03 1.61e-03 | 6.90e-04
272 5.29e-02 2.65e-02 1.29e-02 6.05e-03 | 2.60e-03
274 6.23e-02 | 3.02e-02 1.45e-02 6.74e-03 | 2.88e-03
276 1.53e-01 7.94e-02 | 3.96e-02 1.87e-02 8.09e-03
278 4.42e-01 2.56e-01 1.36e-01 6.70e-02 2.95e-02
2710 | 8.58e-01 | 5.86e-01 3.64e-01 2.00e-01 9.42e-02
2712 | 8.09e-01 | 6.02e-01 | 4.14e-01 | 2.55e-01 | 1.34e-01
2714 | 8.0le-01 5.95e-01 4.10e-01 2.52e-01 1.32e-01
2716 | 7.98e-01 5.94e-01 4.09e-01 2.51e-01 1.32e-01
2718 | 7.97e-01 5.93e-01 4.09e-01 2.51e-01 1.32e-01
2740 | 7.97e-01 5.93e-01 4.09e-01 2.51e-01 1.32e-01

N

in the scaled C! norm, measured over the

64

128

256

512

1024

5.17e-01

3.67e-01

2.53e-01

1.55e-01

8.17e-02

4.59e-01

3.27e-01

2.25e-01

1.38e-01

7.27e-02

8.58e-01

6.02e-01

4.14e-01

2.55e-01

1.34e-01

1.27e4-00

8.72e-01

5.56e-01

3.42e-01

1.80e-01

1.35e+4-00

1.01e+-00

6.85e-01

4.23e-01

2.23e-01

1.38e+-00

1.03e+-00

7.01e-01

4.33e-01

2.28e-01

1.39e+4-00

1.04e+4-00

7.05e-01

4.35e-01

2.29e-01

1.39e+00

1.04e4-00

7.06e-01

4.36e-01

2.30e-01

1.39e-+00

1.04e4-00

7.07e-01

4.36e-01

2.30e-01

Table 3: Computed orders of parameter-uniform convergence p¥ in the scaled C'! norm ||-||1,y

(defined in (10))

64

128

256

512

s

0.41

0.56

0.70

0.93
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Appendix A. Proof of Theorem 1.

Proof. (i) In the reaction-diffusion case, where 8 = 1, we decompose the regular com-
ponent in a series of terms of increasing half powers of . That is, let

3
v= 251/2%’ where Lovo = f;  eLovi = (Lo — Le p)vie1, i = 1,2;

0
and VeLe v = (Lo — Le,)v2, v3(0) = v3(1) = 0.

For the convection-diffusion case, where 6§ > 1, we decompose the regular component
in a series of terms of increasing integer powers of ¢ as follows:

3
v = Zsivi, where Lyvo = f; +eLuvi = (L, — Ley)vic1, i =1,2;

=0

and  VeLeyvs = (Ly — Ley)v2,  02(0) = v3(0) = v3(1) =0

and v (0), v1(0) are suitably chosen. All of the bounds (6) are then established using
the argument in [4]. More details are available in [13].
(ii) Observe that

_ e, b 1lya p [ya, -2,
Vel = - i _ £ et Vo
Le e 2ve0 a(a 240 2 59)6 2v/20
1 1 2 _ e
> zw(l—4—9—5 %)e 2ves © > 0;
0
_VAel .y, b 1 0. _vAs0 .,
and L. e ve =2 _ a(*—f’yoﬁ—i—u\/w)e = ) > 0.
a a €

The comparison principle then yields the pointwise bounds (7a).
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(iii) From the bounds (4) established in Lemma 1, we deduce the following deriva-
tive bounds on the singular components wyr,, wgr. For 0 < k < 5,

welk, |wrlk < C(\/g)k. (36)

When 6 > 1, we can derive sharper bounds on the derivatives of wr by introducing
the secondary decomposition

3

wr = Zeiwi, where L,wo =0, wo(0) = 1; (37a)
i=0

eLyw; = (L, — Le p)wi—1, wi(0)=0,i=1,2; (37b)

and eLe yws = (Ly — Le,y)wa, ws(0) = ws(1) = 0. (37¢)

Observe that wr (1) = wo(1) 4 ewi (1) + e®w2(1) # 0. From this expansion one can
deduce that N
lwe (1) < e #,  Jwrle <CuF, 1<k <5

Hence, we have deduced that

1

Veb

Our next step in the proof is to deduce (7b). For those points within the right layer,

we have that
— V928 (g €
e Ve >C, 1—4/-<z<1

lwr |k < C( )k, 1<Ek<5.

and so

Vol
wa(@)le < (D) <o DR EO \/Eg r<1.

Now we return to the argument from Lemma 1. If z < 1 — \/% , construct a neigh-
bourhood N, = (p — r,p) so that z € N,. Then there exists a y € N, such that

2||w ®
(wia(y)] < Alwrlye
T
! ! z 1" ! 1 z !
wr(r) = wr(y) +/ wg dt = wgr(y) + g/ pawg + bwr dt
t=y t=y
1 xT
= (o) + 2 ((awn)@) ~ (@ur)) = [ palwn — bun dt
t=y
Thus
1 1 Vel gy Vhal
(@) < CC + 2+ Dyjlwrlly, <O+ 2+ D) Ve 09T
' 1> 1> T 15 1>
By taking
-
V20
we deduce

9 _VAal .
[wh ()] SC\/;e 520 (1-0)
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From the differential equation defining wg, e|lwh(z)| < CVle|lwi(z)| + Clwr(z)),
which will establish the bound on the second order derivative of wgr. Use the bounds
in Lemma 1, to establish the bounds (7b) on the higher derivatives of wg(z).

(iv) To complete the proof, we establish the bound (7c). For the case of @ = 1, the
above argument (used to establish (7b)) can be repeated (with 1 — z replaced by ).
In the other case of § > 1, we use the decomposition (37). Observe that for 0 < k < 5,

SR ;
—-c R 1 =20,1,2;
M27,+k

lwi(@)]x <
and hence, using a maximum principle for the second order operator L., we have
C _q=
|lws(z)| < —5e .
I

Now repeat the argument used to establish (7b) (taking r = u) to deduce that for
T > s

C _az C _om
lws(z)] < ﬁ(l +0e 2 and |wi(z) < E(l +0+0%)e 2,
Hence, since we are in the case of ¢ < Cp?,
C 5 g2 &8 w2 e C _a=
! < —(+=+—+—0+= 2 < —e 2n
|’LUL($)| N/( +H2+,U/4+,u6( + E))e ! _Me By
wr@)le < S FH, k=23
o
Continuing this argument for the higher derivatives establishes (7c) for 6 > 1. O

Appendix B. Proof of Lemma 4.
Proof. Using the bounds (6) on the derivatives of the regular component v, we have

C(&-ﬁ-,u,)Nﬁl fx; =0r,1 —0R

LN _ i < ) ) ) ) .

L2V = v)(@)] < { C(VeON™' 4+ u)N™'  otherwise

(i) Looking first to establish a bound at the end-point z = 0, if # > 1, consider the
linear barrier function

B(z:) = cl(% +1)N " 'a,.

Observe that LY (B(z;) £ (V —v)(z:)) > 0 for C; large enough. Applying the discrete
minimum principle and using 6 = % > 1 we deduce that

(V=) ()| < cN*(%)xi < ON"'puai,

yielding the bound |D™(V — v)(0)] < CuN"1.
(ii) In the reaction-diffusion case (where 6§ = 1) consider the barrier function

Bo(x:) := C1(vVEN ?In NRy (x:)) + Cz(Nﬂg +N"'wy),
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where the wedge function Ri(z;) is defined by

:—z, if z; <o,
Ri(z;) :=1¢ 1, if op <z <1-—o0g, (38)
1;;” if z; >1—o0g.
We find that
0, if z; <op,
% + %, ifx; =01
LYRi(z) > < 0, if oL < <og, (39)
%, if Ty = 1-— OR,
_ha ; ) _
gt if ;i >1—o0g.
Since

LN(N”% + N '2)>auN"'+ N2\ /e+ N lab > CN“Y(u+ N7'We),

we see that

C'N_l(,u—kN_l\/E), ifx; <op,op <x;i <ogr
CN™'VeN'InN(E) +p), ifzi=o01
CN7'yeN*InN(¥) +p), ifxi=1-or,

9R

CIN“LHVENT I N(=£2)) + CoN "} (p+ N7 VE), if 25 > 1 — o

LY Ba(a) >

Now when 6 = 1, for the bound at the transitions points, note that

Ny an Ny - N evia

VEN ?InN(=—
or OR 4

Also for C> sufficiently large, for the bound in the layer region near x = 1,

Cr(VEN2In N(—E2) 4+ Co(uN~Y) > CsuN .
OR
We therefore have deduced that |(V —v)(z;)| < Bz(z;). Using o, = Cy/eln N we see

that
(V=) (he)] <ONTHN""hp + N™'We + hr),

which yields the bound

IDT(V —0)(0)] < CN ' (N + Nhi F1) <ON
L

Hence, for both cases, we have established the bound at the left end-point z = 0.
(iii) For the other end of the interval with x = 1, consider the case of § > 1 and
the barrier function

Ba(es) i= Ci(, + DN @i = L+ (@),
where the mesh function 9 (z;) satisfies

—e6*p+ C.VeD ™) =0, 2 € (0,1), 9(0) =1, (1) =0; C. = A@. (40)
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Compare this barrier function to the barrier function used at the start of Lemma 3.
Applying the discrete maximum principle and using 6 > 1 it follows that

[(V =) (@i)| < CN™ (@i — 1+ d(x:)). (41)

In order to use this to find a bound on D (V — v)(1) we need to bound D™4p(1).
Defining F; := D™ 1(x;), using (40) we see that

—& (y) + CuVebF; = 0, = €(0,1).

For N large enough we conclude that

D™P(1) = |Fy| < c@.

Using this bound and (V' — v)(1) = 0, we can deduce the bound (see [13] for details)

Do £ v+ D) < on /D),

This yields the desired bound at = 1 in the convection-diffusion case where 6 > 1.
(iv) For the reaction-diffusion case, where § = 1 the argument is more complicated.
Consider By(z;) := C';l(\/ENf2 In N)Ri(x;) + Co (N*2§ + N Y -1+ &(ml)) with
Ri,% are as defined previously in (38) and (40) respectively. This fourth barrier
function is a minor alteration to the barrier function Bz (z;). We can show that

YN N = 1 0(@) 2 ON T (et NTVE)

and using (39) we see that

CNil(,u,-i-Nil\/g), if$i<0'L, oL < x; <OR
LNBu(z;) >{ ONTNVeN"'InN(EY) +p), ifa; =or,1—or
Ci(vVEN?InN(=£2) + CoN"H(u+ N"'\/E), ifai >1—og.

As before, as 0 =1,

eN Nﬁls\/'yoz.

ﬁN—anN(ﬂ) =VeN?InN(=—) = ;
oL OR 4

and also for Cy sufficiently large

Cr(vVEN2In N(—E2) 4 Co(uN~Y) > CsuN .
OR
We therefore have
CN™ ' (u+ N""/e), if z; <orp, o <z <oRg,
LNB4(JS7;)Z CN_I(N—FE), ifz; =0p,1 —0oR,
CiN~1eN~! lnN(f%) +CoNHp+N"1e), if 2;>1—o0r.
Using the discrete maximum principle we deduce that

(V= 0)(x:)| < C1(VEN"2In NRy) +02<N—2§ + N7 = 14 3h(w)),
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which yields the bound

VEN2In N(Lz)
I ) 4 Co

N=2/e N N~'hg

<
|VN| — Cl( BhR hR

+ N DT H()))).

Simplifying we have

uvafvxD|SCN%%1+V@5
which completes the proof. O
Appendix C. Proof of Theorem 5.

Proof. (i) At the interior points, using the truncation error bounds (23), we can es-
tablish that

CN7, ifx; 20+ H,or,1 —0or,1—0r+ hg,
Oy * N7, ifzi=o,
ILND™(V—v)(z:)| < { Cletn+NT), if 2; = o1 + H,
- C(E+N71), ifx; =1—og,
Vo) fu?
C(?%T‘FN_l), if:vizlfchJth,

We next define a combination of barrier functions, which allow us to bound

E _
\/gm (V= v)(a)].

This initial set of barrier functions are linear and step functions. In order to establish
the sharper bounds on D™ (V —wv)(x;)| these barrier functions are replaced by discrete
exponential barrier functions. Define the following ramp functions

2i ifsz‘Sah

) e— or’
Ra(2) {1, if o, < a; <1

2 if z; <1—og.
Rs (i) ::{ T—op TS IR

1, ifl—op<mz <1

and step functions

N O, ifwiSO'L, N . O7 ifxigl—O'R.
Sl(xl)‘_{ 1, ifop, <z <1 S2(“"1)'_{1, ifl-op<z <1

Consider the barrier function

Bs(z;) := N71(01¢&?>91nNR2 + C2(1+ g)(S1N71 +4R2) + C3(R2 + Ra))
+NTH(Ca(1 + g)(N*& +2(Rs + Rs)) + Cs).

We find that L™ (Bs+%,7) > 0 (see [13] for details). Applying the maximum principle
we get derivative bounds with scaling everywhere. That is, we have established the
error bound

\/§|D_(V —v)(z))| SCN "InN, z; € (0,1].

‘We now proceed to improve on this error bound.
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(ii) Consider first the case of @ = 1. Instead of using barrier functions involving
ramps to deal with the truncation error at x; = o, + H and x; = 1 — o + h, we define
the following two mesh functions

Zi(zi) = (L4 prH) "(14 prhr) ™57, ifa <oy,
R W o < <1
L, ifz; <1—og
Zn(zs ‘ ‘ <
nle) { 1+ 0-5PRhR)%+17’, ifz; >1—0gr+ hr,

Consider the barrier function

_ _ R
Bo(z:) := N (C1v/eln NRy + C2(Zr + In NR2) + C3(N 'Sy + f))

+@M%@ﬁﬂ@+@@@+%)h+%)
and use the maximum principle (see [13] for details) to deduce that

|ID™(V —0)(z;)] <CN '(InN), if0<z; <1; and0=1. (42)

(iii) Next consider the case of 6 > 1. Define the following three mesh functions;

0, ife; <or
P(zi) = (1+ 0.5pRH)i_%7 ifor+H <z <1-0r,
(1+%)1*3N/4*17 ifl—or+hr<z; <1l
0wy = 1 © ifz; <1-os,
xT; = (1 + %)i73N/471’ if 1— oRr + hR S x; S 1.
Io(e) = 4 QDT 05pmha) T @ <o,
i) 1, if op<x; <1

Considering the linear combination

N Nt M n1o+ 8 (€ 128
U(z:) =N ((1+E)N Q—|—a<M+1>P+72a(u+e)lnNR2),

we see that (see [13] for details)

N 0, ifl‘i#l—(f +h,
LN(\P<m>>>{ o e

m(ﬂ‘f' “5—2), ifz;,=1—0r+ hg.

Use the discrete maximum principle to derive the bound

|(D™(V —v)(2:))] < N~ (Cipln NRa+Co (i + 1) Z1+C3(R2+R3) +C4NU+C5).
If 2; < 1—or we have established the bound |(D™(V —v)(x;))| < CN~'; and we have

removed all scaling outside the computational layer region on the right. O
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Appendix D: Proof of Theorem 6

Proof. (i) We begin by examining the error in the layer function Wi, (Wg) in the fine
mesh region on the right-hand (left-hand) side of the domain. Let us first consider the
error Wi, — wy, in the right layer region (1 — or,1 — 7g). For > 0.5 and z; > 0.5

lwr (z)] Ce 2PLoL g=pPL(z=20L) < CN_4;

<
Wi(zi)] < COA+prh) ™2 <CN™, as H>hy.
If TR < oR, then \/g < CN? and so

l(wr, — W) (z:)] < OCN~* < ON 2 % if x> 0.5.
Hence, |[D™ (wr, — W) ()] < CN~',if z; > 0.5 and 7r < or. An analogous argument
can be used to establish |D~ (wg — Wg)(z;)] < CN~2, if x; > 0.5 and 71 < or.

(ii) Consider the left layer error D™ (W — wz) in the region [0,0r + H]. A more
refined analysis (to that used in Theorem 3)) is required. The analysis requires the
construction of a discrete barrier function across the non-uniform mesh and using a
sharper truncation error analysis. Using the truncation error bounds (23) and the
exponential bounds in Theorem 1 in the region (0,01 + H), we have

C

ILND™(Wr, —wr)(z:)|] < ﬁN*lnNe*PW, T < oL
&
YD (We —w)(@)] < Ology + BN mN)e ™, 2=

We now construct a suitable barrier function (which is similar to ¥, defined in (15a)):
\Ifl(:rz) = (1+0.5pLhL)7i,0§$i <or; \Ifl(UL+H) = 0.

For z; < or, as in Theorem 2, LW, (2;) > Ce™%%°2% and for z; = o1, using (19)
and (2), (see [13] for details)

2In N

PNy(or) > (17&(1703)+17

_ v
> = ) 1(or)

for N sufficiently large. In the case where 7, < or, then pr < N and hence
LN\II1(0'L) >0, if 7, < or. Consider the piecewise linear barrier function

Wo(z;) = %,ngiga',;; Uy(or + H) :=1.
L

For z; < o, LN, (z;) > 0 and at the transition point oz, using (19),

. 1 CN _ | -1
N = > (InN)?+C-—L=—(nN)"".
2(0r) = - —(pahe +¢€) > == (In N) +C\/E—9(n )
Then we deduce that
_ o 6 1 N _ 2
D - )N < —=N "InNU(x; —— PLOLY, () (In N)~.
| (WL U)L)(SE' )l— \/5*9 e 1($)+C(N€02+ \/@)6 2(33 )(n )
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For 71, < x; < o, noting e” PL7L < C’pz2 < Ceb,

D™ (Wr —wg)(z:)| < \/%(N_l InN)Veh + CN ' (InN)®> < CN~'(InN)>.

(iii) Let us now consider the error D~ (Wg — wg) in the right fine mesh subregion
(1 —or,1 —7r). Using the truncation error bounds (23) and the exponential bounds
in Theorem 1 in the region (1 — og, 1), we have

CN~! 1nN(9\/§e*f’R“*“) + 1), 2i>1— or+ he;

|ILN D™ (Wg —wr)(z:)| <
PN - 0 O 1 | —pr(-ay)
|L D (WR —’U)R)(IZ‘)| < C6 g(l + gm)e Yo xi=1—o0or+ hgr.

Consider the barrier function (which is a truncated version of Ug defined in (15b))
Ws(z:) = (14 05prhr) VD 1—op <z <1;  Ws(l—og):=0.

For z; >1—ogr + hg, ﬁN\Ifg,(l’i) > C@eipTR(lizi) and iN\Ifg(l — OR + hR) > 0. This
barrier function will be used to deal with the truncation error across the fine mesh
region (1—or+hg,1). An additional barrier function is required to manage the larger
truncation error at x; = 1 — or + hr. Consider the step barrier function

\114(1—0'}{) = 0; \1/4(1'7,) =1, 1—or+hr<z; <1
For x; >1—ogr + hg, ﬁN\I/4(aci) > 0 and at the single point 1 — or + hr, using (19),

< = N0 ires ).

INw,(1— >
a( or+ hr) + N’

~ hr Hhgr

Then, in the particular case where 6 > 1, we deduce that

2
D™ (Wg —wgr)(z:)| < CT\?(N’l In N)U3(z;) + CGLN %e*PR”R\h(xi) +CN 'InN.

For 1 —or < z; <1 — 7gr, we note that on the fine mesh

PRTR
2

e PRIR L eTPRTR < 2 < C(%) and (1 +0.5prhg)"" < Ce
Hence, |D™(Wr — wr)(z;)] < CN™'InN, if @ > 1. When 6 = 1, we employ an
alternative barrier function to W4(z;) defined as

1—x;
Us(l —ogr) :=1, Us(z;) := ﬁ, l—or+hr <z <1

Using (19) and the fact that 2 — 24 >0, we note that

N N .
LYWs(1 —or + hg) > C’W; LNWs(x) >0, & >1—0gr+ hg.

Then, in the particular case where § = 1, we deduce that
< —C\/éN
NG

D™ (Wg—wg)(z:)| < “In NWs(z;) +CN*1ge*PR“R\1/5(x¢) +CN 'InN.
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For 1 —or < z; <1 — 7R, we have e PR(I=%) < o=PRTR < (¢, Hence,
D™ (Wg — wg)(z:)| <CN 'InN + CN~* 1nN§ <CN'lnN, if6=1

(iv) We complete the argument, by dealing with the regular component. In the case
of = 1, note the bound (42) for the regular component. Let us consider the regular
component in the case of # > 1. Note that |LY (v — V)| < C(e + p)N~' and so

|[V—-v|<CN'u,  6>1.

Note that we can confine the discussion to the mesh points in the region (1—or, 1—7r).
Within the fine mesh region (1 — o, 1), the error in the flux satisfies the first order

problem
€

il
where 7; := LN (V — v)(2;) — b(:)(V — v)(zi). Note further that

Vi = ¥0) Hpala)T = T, | <CENTY

|| < CN~'(e+p) < CuN"".

auhR

Thus, with p := < CN™'InN, we have

_ h -1,h - _
771 = 1+ F a(@) TR g+ S| < o) I+ ),

We have the following estimate at z; (within the fine mesh where (14 p)~! < Ce™*/?
for N sufficiently large)

(1 +p) Y
—T+p

1 (3
< ON- +c“ (1+p) N=) < oN~! +c“6 e~ 3 (e,

%7 < (4p)° 1”||9|| +C1+p) Ny

Hence, for 1 —op < x; <1 — g, \%_|§CN71. O
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