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mesh is used to resolve the layers. The resulting method is shown to be almost
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1 Introduction

Consider the reaction-diffusion problem of finding u € C*(0,1) N C[0, 1]
such that

Lu=—’u"4+ru= fin (0,1), u(0) =y, u(l) =y, (1)

where ¢ € (0, 1]and r > o2 on [0, 1] with some constant ¢ > 0. This is a difficult
problem because standard numerical methods fail to capture layers — regions in
the vicinity of x = 0 and x = 1 where the solution of (1) changes rapidly when
the perturbation parameter ¢ tends to zero. As a consequence the performance
of these methods deteriorate when ¢ — 0.

The ultimate goal for numerical methods applied to (1) is uniform conver-
gence or robustness with regard to the perturbation parameter. Indicating by
sub- and superscripts that the solution of (1) and its approximation depend on
the perturbation parameter and on the number N of degrees of freedom, the
numerical approximation is said to be uniformly convergent of order p > 0 in
the norm || - ||, if there exist a constant C and an integer Ny which are both
independent of ¢ such that

Jue —ul|, < CN7P forall N> Ny.

Our norm of choice is the supremum norm | - || . Special procedures have
been devised predominantly in the area of finite differences or finite elements.
For a survey, we refer the reader to recent monographs [14, 19] and earlier
books [6, 16] and references therein. One possible approach—which we shall
also pursue in the present paper is the use of layer-adapted meshes. These
are designed to resolve the layers present in the solution of (1). Most of the
literature is devoted to difference schemes and various types of FEMs, while
there are only very few publications on collocation methods. This motivates
our interest in the subject.

Collocation methods with polynomial trial functions play a very important
role in the context of spectral methods. Section 9.7 of Funaro’s monograph [7]
is dedicated to the application of these methods to problems with boundary
layers. For problem (1), polynomials of degree p ~ ¢! must be used to resolve
the layers satisfactorily.

A general theory for spline-collocation methods applied to classical, not sin-
gularly perturbed, boundary-value problems was derived in [5]. An immediate
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application of those results to (1) yields error bounds with “constants” that
tend to infinity when ¢ — 0.

The initial goal of our investigation was to extend the general theory
from [5] to spline-collocation on arbitrary layer-adapted meshes for the
reaction-diffusion problem (1). However, so far we have managed to analyse
quadratic C!'-splines on a special modified Shishkin mesh [22] only. Collo-
cation with C!-splines of arbitrary order as well as transition to convection-
diffusion problems present an open task.

In recent years the groups of Kadalbajoo and of Rao have extensively pub-
lished on collocation methods for a number of singularly perturbed problems,
including (1). Here we mention [8] and [18] only. Unfortunately all these
papers are flawed by various mistakes in the analysis.

The only reliable paper we are aware of that studies quadratic C'-spline
collocation for (1) on a layer-adapted mesh is [21]. Therein the authors use a
nodal basis to represent the collocation spline with the value at the mesh points
as degrees of freedom. The method is interpreted as a difference scheme. This
in turn is analysed on a Shishkin mesh using truncation-error and stability
arguments. The maximum error in the mesh points is shown to be uniformly
bounded by CN~21n*> N with a constant independent of .

In the present paper a B-spline basis is used instead and results in a
completely different convergence analysis compared to [21]. It may have the
potential of being extended to C!-spline collocation with piece-wise poly-
nomial of arbitrary degree. However, some stability issues remain open. A
posteriori error bounds for the collocation method will also be given. We
shall illustrate how these can be used to design an adaptive algorithm that
automatically adapts to the structure of the solution.

For the analog of (1) posed on a rectangle, we expect that the a priori
analysis can be extended to biquadratic C'-splines on tensor-product modified
Shishkin meshes. Also, a posteriori estimates can possibly be derived along the
lines of [11]. However, details need to be checked. This is ongoing work.

The paper is organised as follows. First, in Section 2 properties of the
differential operator £ and of the solution u of (1) are quoted from the
literature. Based on this information the construction of the layer-adapted
mesh from [22] will be explained. Section 3 is concerned with interpolation-
error bounds. The main results of the paper, Theorems 4 and 5, are presented
in Section 4. Finally, Section 5 contains results of numerical experiments in
order to illustrate our theoretical findings.

Notation Throughout, C will denote a generic positive constant that is in-
dependent of the perturbation parameter ¢ and of the number N of degrees
of freedom. For any set D C [0, 1] and any function v defined on D we set
IV]loo. D = SUp,cp [v(X)|. If D =10, 1] then we drop D from the notation.
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2 Properties of the exact solution and adapted meshes
2.1 The Green’s function

Stability of a differential operator is best characterised by its Green’s function.
Let G be the Green’s function associated with the operator £ in (1). With its
help any function v € W (0, 1) with v(0) = v(1) = 0 can be represented as

1
v(x) = /0 G(x. &) (Lv) (&) dE. @)

For G and its derivatives we have the following (weighted) L;-norm esti-
mates [14, Th. 3.31]

IrGee, )l <1, |Gex, )], < (@)™ and  [[Gee(x, ||, <2673 (3)

with |v]; == fol |v]. These bounds will be used in Section 4.3 to derive a
posteriori error estimates for the collocation method.

2.2 Derivative bounds

For any a priori error analysis, bounds on the derivatives of the exact solution
are required. These are provided by the following Lemma, see [14, Th. 3.35]

Lemmal Letr, f € C*0, 1]. Then
|u(k)(x)| <C{1+ g kemox/e e‘ke_g('_")/s} , for xe(0,1), k=0,...,4.

Furthermore, the solution can be decomposed as u = v + wy + w,. For k =
0,...,4, the regular solution component v satisfies Hv(k) ||OO < C, while for the
layer parts wy and w, we have

‘w(()k)(x)‘ < Cekeov/e, ‘wfk)(x)‘ < CeTfe 0™V x €0, 1].

2.3 Layer-adapted meshes

The solution changes rapidly near x =0 and x = 1. Hence, the mesh has to
be refined there. Various meshes have been proposed in the literature. Most
frequently analysed are the exponentially graded mesh of Bakhvalov [1] and
the piecewise uniform mesh of Shishkin [16, 20].

Here we shall use the smoothed Shishkin mesh proposed by Vulanovié [22].
It is constructed as follows. Let N + 1 be the number of mesh points. Let g €
(0,1/2) and o > 0 be mesh parameters. Define the Shishkin-mesh transition
point by

A= min{glnN,q}.
0
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Remark 1 For the mere sake of simplicity in the representation, we assume,
that . = oeo~' In N. Otherwise, the method can be analysed in a classical way.
We shall also assume that g N is an integer. This is easily achieved, for example,
by choosing ¢ = 1/4 and N divisible by 4.

The mesh A : xp < x; < --- < xnis generated by x; = ¢(i/N) with the mesh
generating function

A
—t te[0,q],
q

o(t) = p(t_q)3+§t t€lq,1/2],
1— (1 —1) te[l/2,1],

where p is chosen such that ¢(1/2) = 1/2,i.e., p = § (1 - %) (3 - q)73. Note,

2
that ¢ € C'[0, 1] with ||go/ ||OO, <,0”||o<> < C. Therefore, the mesh sizes h; = x; —
Xi_1,i=1,..., N satisfy

i/N
h; = / ¢ (t)dt < CN~™' and
(

i—1)/N
i/N +1/N
|hiy1 — hil = / ¢"(s)dsdt| < CN 72 4)
(i-1)/N Jt
Also, fori=1,..., N,
A oeln N
X —1 . / _ & _ et
hiz N el '@l gN g0 N~
Hence,
e qo N
- < = 5
/’li ~ o InN ( )

These properties and the explicit control we have over the transition point are
essential in our a priori error analysis.

In Section 5 we shall consider the original Shishkin mesh and the Bakhvalov
mesh too. The former is generated with the mesh generating function

A
—t t €1[0,4],
q

ps(t) = g {— +&l‘ t 1/2
q(1—2q)( q9) g '€ lg, 1/2],
l—ps(1—10) te[l/2,1],
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while the Bakhvalov mesh [1] is generated with

oe q

x()=—1In tel0, ],
o q—t
¢80 =\ 7)) = x()+ ' (D —1) 1e[r.1/2],
1= p(1—1) tefl/2,1,

where the point t satisfies (1 —27)x'(7r) = (1 —2x(r)). Geometrically this
means that (z, x(t)) is the contact point of the tangent m to x that passes
through the point (1/2, 1/2).

Remark 2 Both the standard Shishkin mesh and the Bakhvalov mesh do not
satisfy |h; 1 — h;| < CN~2. This inequality is violated where the meshes change
from fine to coarse. Because of this our analysis does not extend to these
meshes.

3 The interpolation error

In this section we study the interpolation error for piecewise quadratic splines.

Let the mesh intervals be denoted by J; := [x;_1, x;]. Their midpoints are

Xi—1/2 = (X,;l +Xi) /2 =Xi—1 t+ /’li/2, = 1, ey N. FOT, m,tl e N, m < f, let
S/'(A) = {s e C"[0,1]:5s];, €My, for i=1,..., N}

and S} (A) == {s € §}"(A) : 5(0) = s(1) = 0}, where II; is the space of polyno-
mials of highest degree ¢.

3.1 8-interpolation

Given an arbitrary function g € C°[0, 1], consider the interpolation problem of
finding I0g € SY(A) with

(19g),=g.i=0,....N, and (Igg)i_l/z =g 1 i=1....N, (6
where here and throughout we use d; = d(x;) and d;_1» = d(x;_1,») to denote

the values of d € C°[0, 1] in the mesh points and in the midpoints of the mesh
intervals.

Theorem 1 Assumer, f € C*[0, 1]. Then the interpolation error I(z)u — u for the
solution of (1) on a smoothed Shishkin mesh with o > 3 satisfies

Hu—Igu”Oo <CN73m*N and szr}laxN’(u—Igu);LI/z‘ < CN72In®> N.
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Proof First, use the Lagrange representation of the interpolation polynomial
and Taylor expansions to verify that, for any g € C*[0, 1], the interpolation
error on each mesh interval satisfies

" ||

g — 1] P [Py 7 O I LT

001—24

and

5 /
le— Bels = S leless | B8 10| =218 |y ()

Recalling the solution decomposition of Lemma 1, we split the error in a
similar manner as

u— Igu = (U — Igv) + (wo — Igwo) + (wl — gwl) s

because of the linearity of I9. The terms on the right-hand side will be bounded
separately.
For the regular solution component v, (7a), (4) and Lemma 1 yield

J[v—1Bv| <CN and maxN‘( — Bv); 1/2) <CN™2.

For the boundary layer w, the arguments splits. On [0, A], the local mesh
size is h; = Ce N~'In N. Thus,

Jwo—Bwo]l 10,y SCN I N and &2 max  |(wo—13wo);_, ,| < CN"2In N,

by (7a) and Lemma 1. On [A, 1], use (7b) and the exponential decay of w,. We
obtain

||w0— Igw()“oo’[/\’l] <CN° and 8?=q11\71}&-al),(...,N)( Izwo)l 1/2‘ < CN—°.

Similar estimates are obtained for w; — Ig wi.
Finally, application of a triangle inequality completes the proof. O

Lemma2 Lets € SY(A) withsi_1,=0, i=1,..., N. Then

Illoo.s, < max {Isi—al, Is;l} and |s"|| ;< 2max{lsl i lsil}, i=1,...,N.

“h;

Proof Clearly,

X — Xj—1,2

s(x) =2 7

[si-1Cc = xi) +s0(x —xi-)], x € J;.

Hence, [s(x)| < max {|s;1], Isil} 2h; " [x — xi_1| and s”(x) = 4h;2 (sim1 + 50).
The proposition of the lemma follows. O
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3.2 S;-interpolation
Given an arbitrary function g € C°[0, 1], consider the interpolation problem of
finding 1)g € S, (A) with
(L8)y=8>  (18),1p=8-1p i=1...N, (Lg)y=2gn ()
For any s € S;(A), we have [9, 15]
[Ms); = ajsi—1 + 3s; + ciSip1 = daisi—ip +4ciSip1p, i=1,...,N—1 (9)
with a; .= hiy1/ (hi + hiyy) and ¢; =1 — a; = b/ (h + hiyo).

Lemma 3 For all vectors s € RN with sg = sy = 0, there holds

Proof Let k € argmax;_;  y_; |si|l. Then 3sx = [Ms]y — agsk—1 — cxSk+1- A tri-
angle inequality implies 3 [sg| < |[Msli| + (ax + cx) Isk] = |[Ms]i]| + |sk|. The
proposition of the lemma follows. O

Theorem 2 Assume r, f € C*[0, 1]. Then the interpolation error for the solution
u of (1) on a smoothed Shishkin mesh with o > 4 satisfies

_max |(u— Izlu)i| <CN*In*N, (10a)

lu—Lu| < CN?In’N, (10b)

1

Ll =N, (10¢)

_ 7l
& 'maxN’(u Lu)

,,,,,

Remark 3 The first bound (10a) constitutes a superconvergence result because
the interpolation error in the mesh nodes is one order smaller than the inter-
polation error on the whole domain, compare (10b). For classical problems
without layers this property is well known even for biquadratic interpolation,
see [9, Theorem5.5] and [3]. Similar superconvergence properties are not
observed in the collocation method.
Proof of Theorem 2
(i) First, for an arbitrary g € C*[0, 1], the interpolation error satisfies
(8= 18), = (g~ 18)y =0 and
[M(g— Izlg)],- =a;8i_y — 44,81 + 38 — 481
+cgi =g, i=1,...,N, (11)
which follows from (8) and (9). Taylor expansions yield

‘Tg,i| = 8 ||g||ooa[xi—l~xi+l] (123)
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(if)

(iif)

and
5
|r8” - Eh hl-H |hl+l hil ‘g”/’ + % max {hi, hl+l}4 Hg(4) ”OO,[XI’—],XHI] ’
(12b)

Again, we decompose the interpolation error:
u—Du= (v— I%v) + (wo — Izlwo) + (wy — Swi).

The three error components are analysed separately.

Lemma 1, (4) and (12b) give |7,;| < CN~*. Then Lemma 3 implies
|(v — Izlv)l.| <CN*%i=1,...,N

For the layer component, the argument splits. First, for i < gN,
h; = hiy; = CeN~'In N. Therefore, i| < CN~*m* N, by (12b) and
Lemma 1. Fori > g N, we use the exponential decay of w, and (12a):

r—h
|Tuo.i| < Cexp (—w) < CNON°/uN) < CN74,

Consequently, |7,,;| < CN™*In* N, i=1,..., N, and Lemma 3 yields
|(wo — Izlwo)l.| <CN™*In*N, i=1,..., N. The same bound is obtained
for |w; — I,w|. Then the use of a triangle inequality establishes (10a).
A triangle inequality gives

Ju— Bl = llu—Lul, + [ Bu— Lul

. gl
<||u Iou” + rglaxN|(u Izu)i,

44444

by Lemma 2 and because (Igu)l. =u;, i=0,...,N. Now, Theorem 1
and (10a) imply (10b).
Again starting from a triangle inequality, we verify (10c):

‘( Il )z 1/2‘ = ‘(u—lgu);/_]/z‘—i—‘(lg Il )z 1/2‘

0
< = 20|+ 7

by Lemma 2 and because (I5u), = w;, i=0,..., N. Then, Theorem 1,
(10a) and (5) give (10c). o

4 The collocation method

We shall discretise (1) by seeking a spline in S) (A) that satisfies the boundary
conditions and the differential equation (1) in certain points. For problems
that are not singularly perturbed, it is well known that the best choice for
collocation with quadratic C'-splines are the midpoints of the partition, see [5].
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Let A be an arbitrary partition of [0, 1]. Our discretisation is: Find u, €
S, (A) such that

upo =, Lup)i1p= ficipp i=1,....,N, uan=y. (13)

Let {¢:}Y§! be the B-spline basis in S}(A), see Appendix A. Then we may
represent u, as

N+1

Up = Z AP,
k=0

where the oy are determined by collocation. A careful calculation shows
that (13) is equivalent to

a =y, [Lali_ip=fip, i=1,....,N, any1=n (14)
with a = (ap, ..., OlN+1)T € RN+2 and

2eip1 —) 2w —ain1) ]
hithi + hiy)  hi(hiy + hy)
+}’,'_1/2 [q;’a,qr] + (l — q:r — ql_) o + qi_ai—l] , i=1,...,N,
h; h;
=  and ¢ = —
U= 4+ i) T = A+ i)

where we have formally set ip = Ay = 0.

[Lali_y)p = —¢ |:

4.1 Stability

The operator L is not inverse monotone. Nonetheless, we can establish its
maximum-norm stability.

Theorem 3 Assume, there exists a constant k > 0 such that

max{hiﬂ,hi,l}zlch,-, i=2,....N—1, hy>«hy, and hy>«khy_,.

(15)
Then the operator L is maximum-norm stable with
e = max il < 200 gy |E7 o
Vloo = X il = = %% Fic1p
2(1
< 200 ol forall y e RV,

=
N+2 N+2 .o _
where Ry == {v e RN : vy = vy =0}

Proof Set mi_i,2 :=r,~,1/2(1—qi+—qi’), i=1,..., N. Note that ql*,ql’e
0,1/4),i=1,..., N. Therefore m; > 0,i =1, ..., N.
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For arbitrary vectors y € Ré\' *+2_define the operator A by

&? ( 201 —v) 2 —vi-)
hithi + hiy1)  hi(hi—y + hy)

[Ay]iq/z = )-I—J/i, i=1,...,N.

mi_1,2

Because of the positivity of all m;, A is well defined. After eliminating y, and
yn+1 Which are both zero, A is a square matrix whose offdiagonal entries are
all non-positive and its row sums are at least 1. Therefore, the M-criterion [17]
implies | A~ ||C>o <1.

Next, note that

[LV]H/z —ric12 (g Vi + 47 vicr)

Ay|. = , i=1,...,N.
[ }’]1—1/2 M1y
Thus,
[Ly]_,) rioi (47 +4;)
< — 7 , 16
17 lloo = max P + max " 171l (16)
because ||A’1||oo <1.
Then, by (15),
i f4+qr 2
mae 2D 24k (17a)
i=1,...N mi—_1,2 24 3k
and
1 4(1
(G . B N (17b)
mi_12 ~ Fi12(2+ 3k)
Inequalities (16) and (17) yield
41 4+«) [Ly]i—l/2 2+«
< - .
71l < 21 3k l,zl}l’?_le P + 2T 3¢ 17l
The proposition of the theorem follows. O

Remark 4 The smoothed Shishkin mesh satisfies (15) with « = 1.

Remark 5 Numerical experiments on randomly generated meshes indicate
that

[Ly]i—l/Z

for all y € RY*2,
ri—1/2

without any restrictions on the mesh. However, we have not been able to prove
this sharper result.
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4.2 Maximum-norm a priori error bound

Theorem 4 Let u be the solution of (1) and ua its approximation by the
collocation method on a smoothed Shishkin mesh with o > 4. Then

lu — unlle < CN~21n* N.

Proof The interpolant Iiu of u can be represented by means of the B-spline
basis as Ilu = Y~ Brgr. Clearly, @ — B € R}*? and

[L(@—B)iip=L(ua—Du),_,, =6 (Lu—u).,,, i=1..,N
Theorems 2 and 3 yield ||« — B, < CN~2 In> N. Next, note that ¢, > 0 and
M+ o = 1. Therefore, | Bu—us,, <l — Bllo- Theorem 2 and a triangle

inequality complete the proof. O

Remark 6 Theorem 4 should be compared with similar results for central
differencing and piecewise linear Galerkin-FEM, see [14]. All three methods
are uniformly convergent of (almost) second-order on layer-adapted meshes.
All three approaches generate tridiagonal systems. Therefore they give (ap-
proximately) the same accuracy with identical computational costs. Amongst
these methods collocation is the least well understood.

4.3 Maximum-norm a posteriori error bounds

Theorem 5 Let u be the solution of (1) and ua its approximation by the
collocation method on an arbitrary mesh A. Then
lu —ualloe < nlrua — f.A)
with 1(q, &) = n'(g. &) +1°(q, &) +n*(q. D),
Ba-q

H '
r oo

n'(q, A) = ‘

. hio
— Jmax max {lai — gi-12]. 1gi=1/2 — qi—1|} min { 1, Te

n(q, A) :
£

and

_ lgi—1 — 2qi-1/2 + qil
i=1,..N 40 '

Remark 7 The term n’ captures the data oscillations and inevitably requires
sampling of r and f. In view of the collocation condition (13), we have
rua — f ~ g*u’{. Therefore, n* and n* involve discrete third and fourth order

derivatives of ux.

Remark 8 A posteriori error bounds for central differencing and P;-FEM
were derived in [10] and [13], resp. In contrast to Theorem 5, these error
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bounds involve discrete derivatives of order three (central differencing) and
of order two (FEM) only.

Proof of Theorem 5 Let q := rup — f. For a fixed x € (0, 1), the error of the
method can be written as

1 1
(u—up) (x) = /o G(x, &) (Lu—un)) (§)dé = /o G(x, &) (f — Luy) (§) d§,
(18)
by (2). In view of (13), we have

N
Z(f_LMA)ifl/z/J G(x,&)de =0.
i=1 i

"

Subtracting the last equation from (18) and employing that u} = u} ; ,,onJ;,
we obtain

N
(w—up) (x) = Z/j G(x, &) [gi-12 — q&)] d&.
i=1 Vi
Clearly,

1
w—umuw=ﬁ(ﬁq—®@wufnw

N
+Z/; G(x,€) [qi12 — (I3q) (©)] dé.
i=1 i

A direct calculation gives (199) (§) — gi—1» = (¢ — xi_1p) Ri(§), & € J;, with

Ri(e) = T

gi-1 —2qi-12 + qi

+2(&5 = xi12) 2

Then, using (3) and a triangle inequality, we get
g — al
24— 49 H n Z
g 0 =

Next we derive two bounds for the summands in (19). First, a Holder
inequality gives

[(—up) (X)] <

ﬁgm@@—mmm@mﬂ.(m

ﬁgm@@—MWM@mg

h;
=3 ”Ri“oo,l,'/ g(x, &) dg. (20)
Ji

Second, note that

£ —x _i M_h_?
T e 2 8 ]
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Integration by parts yields

/, GO )€ — v ) Ri(6) de

h? - Ai— 2 /
- /J k’ - w] (Ge (x. £ Ri(E) + G(x, £ RI(E)) dE.

Again, using a Holder inequality, we obtain the alternative bound
‘ f} G )6 - xl-_l/z)R,-(&)dg‘
< % {”Ri”oo,J,- /J‘_ |G (x, )] & + | R ., /Ji g(x,g)dg}. @1)
Combine (20) and (21):
| [ oo - N RE)

hi i
E”R”oo./mln{ Q}{f G(x,§)ds + — /|Qg(x §)|d€}

IR, [ g6

Summing fori =1, ..., N, we have bounded the sum in (19). Then, a discrete
Holder inequality and (3) yield

g —q 2 h; ) hio
- < |22 = Rl 1, -5
(1 — ) (0] < o s Rl min 1,2
1 /
+ oz max 2 | R

Finally, note that

5 49i-1 — 2qi-12 + qi

R = i

and || Rl j, = max {|CIi—Qi—1/2|, |qi—1/2—qi-1 |} .
This completes the proof. O

4.4 An adaptive algorithm

Using the a posteriori estimates of the preceding section an adaptive algorithm
can be devised. It is based on an idea by de Boor [4] and uses an equidistrib-
ution principle. Its convergence in connection with an error estimator for a
central difference scheme was recently studied by Kopteva and Chadha [2].

@ Springer



Numer Algor (2012) 61:35-55 49

The idea is to adaptively design a mesh for which the local contributions to
the a posteriori error estimator

1% — R, P
H; (ua, A) = ‘M” + |Ql 1 q,zl/z qz|
r 0. J; 40
s max {1g: = gi-1/2, 1i-1/2 — gi-1|} min p, e
2 ¢ = qi-1pls 1gim12 = Qi e ]
q =rua — f,

are the same on each mesh interval, i.e., u;_; (ua, A) = u; (ua, A), for i =
1,..., N.This is equivalent to

1 N
Qiua, 8) =53 Qiua, A), Qiua, A) = pi(ua, A2 (22)

J=1

However, de Boor’s algorithm, which we are going to describe now, be-
comes numerically unstable when the equidistribution principle (22) is en-
forced strongly. Instead, we shall stop the algorithm as proposed in [2, 12] when

N
0; (ua. A %g (a, A)

for some user chosen constant y > 1. Here we have also modified Q; by
choosing

~ 1/2
O; (un, A) = (B} + p; (ua, A))
Adding this constant floor to u; avoids mesh starvation and smoothes the

convergence of the adaptive mesh algorithm.

Algorithm (de Boor [4])

1. Fix N, r and a constant y > 1. The initial mesh A® is uniform with mesh
size 1/N.
2. Fork=0,1,..., given the mesh A¥), compute the discrete solution uk]
on this mesh using the S}-collocation method. Set h[k] = x[k] Ufll for
each i. Compute the piecewise-constant monitor function M 1 defined by
A1k A (1K
MH¥ (x) .= O .= Q; ( tl A[k]) for xe (xF,, xf).

Alkl ’

The total integral of the monitor function is

1 N
[k] . k] _ [k] Alk]
I ._fo M (t)dt_Zhj o

j=1
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3. Test mesh: If
AW <y N forall j=1,....N

then go to Step 5. Otherwise, continue to Step 4.
4. Generate a new mesh by equidistributing the monitor function M i.e.,
choose the new mesh A%+ such that

xlk+|] I[k]
M¥pdt=—, i=1,...,N.
vl N

Return to Step 2.

5. Set A* = Al and w3, = ul{), then stop.

5 Numerical experiments

We verify the theoretical results of the preceding section by applying the
collocation method to the test problem

—&2u"(x) + 4u(x) = cos 12x, x € (0, 1), u(0) = u(l) = 0. (23)

Its exact solution is easily determined.

Although the solution of (23) is available, the maximum norm of the
error cannot be determined exactly. Therefore, we evaluate the error in the
mesh points and in additional points evenly distributed in each mesh interval.
Indicating by a superscript ¢ that the solution and the collocation spline depend
on the perturbation parameter, we approximate the maximum-norm errors by

”ua —ufy Hoo A xy = max ’(ua — M‘Z) (xi—1 —l—mM’lhi)‘

i=1,...N

and the uniform errors by

Xy = max x\
N k020N

.....

In our experiments we have chosen M = 7. Larger values will give more accu-
rate approximations of the actual errors. However, the difference is negligible.

Table 1 contains the results of our test computations. Apart from smoothed
Shishkin meshes, we also considered standard Shishkin meshes, Bakhvalov
meshes and uniform meshes. The table also gives the rates of convergence.
These are computed using the following formulae:

_ Inxy—Inxoy
PN="0

_ Inxy —In xon
PN = 1 FInln N — Inln 2N

for the Bakhvalov mesh and the uniform mesh,

for the two meshes of Shishkin type.
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Table 1 Maximum-norm errors of the collocation method on layer-adapted meshes

N Smoothed Standard Bakhvalov mesh Uniform mesh
Shishkin mesh Shishkin mesh
XN PN XN PN XN DN XN DN

26 3.198e-03 2.49 2.879¢-03 2.29 1.024e-04 2.07 1.574e-01 0.00
27 8.375e-04 2.10 8.375e-04 2.10 2.439e-05 2.03 1.575e-01 0.00
28 2.588e-04 2.08 2.588e-04 2.08 5.987e-06 2.01 1.575e-01 0.00
20 7.800e-05 2.05 7.800e-05 2.05 1.485e-06 2.01 1.574e-01 0.00
210 2.335e-05 2.03 2.335e-05 2.03 3.698e-07 2.00 1.574e-01 0.00
2! 6.940e-06 2.02 6.940e-06 2.02 9.229e-08 2.00 1.574e-01 0.00
212 2.046e-06 2.01 2.046e-06 2.01 2.305e-08 2.00 1.574e-01 0.00
213 5.971e-07 2.00 5.971e-07 2.00 5.761e-09 2.00 1.574e-01 0.00
214 1.726e-07 2.00 1.726e-07 2.00 1.440e-09 2.00 1.575e-01 0.00
215 4.947e-08 2.00 4.947e-08 2.00 3.599e-10 2.00 1.575e-01 0.00
216 1.406e-08 2.00 1.406e-08 2.00 8.998e-11 2.00 1.574e-01 0.00
217 3.966e-09 2.00 3.966e-09 2.00 2.249e-11 2.00 1.574e-01 0.00
218 1.111e-09 - 1.111e-09 - 5.623e-12 - 1.574e-01 -

The first formula is standard. The second one estimating the “Shishkin rate”
of convergence is motivated by our theoretical estimate yy ~ (N~'In N)?
with p = 2. The results of our test computations for the smoothed Shishkin
mesh (with ¢ =2 and o =4) are in full agreement with Theorem 4. For
comparison reasons, Table 1 also contains results for other meshes. Both the
standard Shishkin mesh and the Bakhvalov mesh are constructed with the
same parameter ¢ and o, see Section 2.3. Most notably, the original and the
smoothed Shishkin mesh give almost precisely the same accuracy, only for
rather small N differences can be observed.

As expected, the Bakhvalov mesh outperforms the Shishkin meshes because
its convergence is not spoiled by a logarithmic factor. The errors behave like
O(N~2). On uniform meshes the method is not uniformly convergent.

Table 2 A posteriori-error estimates for smoothed Shishkin meshes; & = 1012

N AN 1 n' N n XN/1

26 3.198¢-03 6.468¢-02 1.662e-03 5.302¢-02 1.000e-02 4.945¢-02
27 8.375e-04 2.437¢-02 2.190e-04 1.991e-02 4.238¢-03 3.437¢-02
28 2.588¢-04 8.510e-03 2.730e-05 6.905¢-03 1.578e-03 3.042¢-02
29 7.800e-05 2.807¢-03 3.401e-06 2.265¢-03 5.386¢-04 2.779¢-02
210 2.335¢-05 8.878¢-04 4246¢-07 7.138¢-04 1.736e-04 2.630e-02
o1l 6.940e-06 2.724e-04 5.302¢-08 2.185¢-04 5.381e-05 2.548e-02

212 2.046e-06 8.168e-05 6.624¢-09 6.545e-05 1.623e-05 2.504e-02
213 5.971e-07 2.407e-05 8.278e-10 1.927e-05 4.797e-06 2.481e-02
214 1.726e-07 6.996e-06 1.035e-10 5.600e-06 1.397e-06 2.468e-02
215 4.947e-08 2.011e-06 1.293e-11 1.609e-06 4.017e-07 2.461e-02
216 1.406e-08 5.723e-07 1.616e-12 4.579¢-07 1.144e-07 2.457e-02
217 3.966e-09 1.616e-07 2.021e-13 1.293e-07 3.231e-08 2.455e-02
218 1.111e-09 4.529¢-08 2.526e-14 3.624¢-08 9.058e-09 2.454e-02
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Table 3 A posteriori-error estimates for smoothed Shishkin meshes, robustness of the estimator;

N = 214

€ XN Ui n! n i XN/

1 1.715e-09 8.335¢-08 7.159-13 6.846¢-08 1.489¢-08 2.058e-02
1072 1.720e-07 6.971e-06 3.587e-12 5.580e-06 1.392e-06 2.468¢e-02
1073 1.726e-07 6.996¢-06 8.304e-11 5.599¢-06 1.397e-06 2.468e-02
1074 1.726e-07 6.996¢e-06 1.013e-10 5.600e-06 1.397e-06 2.468e-02
107° 1.726e-07 6.996¢e-06 1.034e-10 5.600e-06 1.397e-06 2.468e-02
10°8 1.726e-07 6.996¢e-06 1.035e-10 5.600e-06 1.397e-06 2.468¢e-02

10712 1.726e-07 6.996¢-06 1.035¢-10 5.600e-06 1.397¢-06 2.468e-02
10716 1.726e-07 6.996¢-06 1.035¢-10 5.600e-06 1.397¢-06 2.468e-02
10720 1.726e-07 6.996e-06 1.035e-10 5.600e-06 1.397e-06 2.468e-02

A posteriori-error estimates according to Theorem 5 for the smoothed
Shishkin mesh are displayed in Tables 2 and 3. The first column of these tables
gives the value of N or ¢. The actual error and the error estimates can be found
in columns 2 and 3. The following three columns give the three different parts
of the estimator, while the last column contains the effectivity index.

Table 2 shows results for fixed ¢ and various numbers of mesh points. It is
observed that 5, which captures the data oscillations behaves like O(N73). It
is the least important part of the estimator. In contrast n° and n* strongly cor-
relate with the actual error and behave like O(N~21n* N). In this experiment
the errors are overestimated by a factor of approximately 40.

Table 3 verifies the robustness of the estimator with respect to the pertur-
bation parameter. We have fixed N and varied ¢. Similar results are observed
for other layer-adapted meshes.

Table 4 gives results for uniform meshes. Again, n! decreases like O(N~3),
while »? and »* are the dominating terms. The effectivity index is greater than
for the Shishkin meshes, the errors are overestimated by a factor of 3.5 only.

Table 4 The a posteriori-error estimator for a uniform mesh, & = 10712

N AN 1 n' N n XN/1

26 1.574e-01 5.518e-01 1.200e-05 5.000e-01 5.178e-02 2.853e-01
27 1.574e-01 5.518e-01 1.501e-06 5.000e-01 5.178e-02 2.853e-01
28 1.574e-01 5.518¢-01 1.877¢-07 5.000e-01 5.178¢-02 2.853¢-01
29 1.574e-01 5.518¢-01 2.346¢-08 5.000e-01 5.178¢-02 2.853¢-01
210 1.574e-01 5.518e-01 2.932¢-09 5.000e-01 5.178e-02 2.853e-01
o1l 1.574e-01 5.518e-01 3.666e-10 5.000e-01 5.178e-02 2.853e-01
212 1.574e-01 5.518e-01 4.582¢-11 5.000e-01 5.178e-02 2.853e-01
213 1.574e-01 5.518e-01 5727e-12 5.000e-01 5.178e-02 2.853e-01
214 1.574e-01 5.518¢-01 7.159¢-13 5.000e-01 5.178¢-02 2.853¢-01
215 1.574e-01 5.518¢-01 8.949¢-14 5.000e-01 5.178¢-02 2.853¢-01
216 1.574e-01 5.518¢-01 1.119e-14 5.000e-01 5.178¢-02 2.853¢-01
217 1.574e-01 5.518e-01 1.398¢-15 5.000e-01 5.178e-02 2.853¢-01
218 1.574e-01 5.518e-01 1.748¢-16 5.000e-01 5.178e-02 2.853e-01
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Table 5 The adaptive algorithm, ¢ = 10712

N AN PN n n! R nt xN/7 #iter
26 2.237e-04 0.63 2.071e-03 1.066e-04 1.667e-03 2.972e-04 1.080e-01 8
27 1.445¢-04 2,09 1.115e-03 1.432e-05 9.878e-04 1.132e-04 1296e-01 14
28 3393¢-05 217 1255¢-04 1.648¢-06 1.093e-04 1.456e-05 2.703e-01 6
29 7.528¢e-06 237 3.961e-05 2.149e-07 3.563e-05 3.765e-06 1.901e-01 5
210 1.457e-06 0.80 8.961e-06 2.599¢-08 8.068e-06 8.666e-07 1.626e-01 5
o1l 8.373e-07 3.86 2.864e-06 3.504e-09 2.602e-06 2.581e-07 2.924e-01 4
212 5.750e-08 027 4.942e-07 4.111e-10 4.410e-07 5.273e-08 1.164e-01 4
213 4760e-08  3.65 1.632e-07 5.099%-11 1481e-07 1.502e-08 2.917¢-01 4
o4 3786e-09 —0.11 6.380e-08 1.227e-11 5.104e-08 1.276e-08 5.934e-02 3
215 4.095e-09 3.35 1.408e-08 8.956e-13 1.273e-08 1.348e-09 2.909e-01 3
216 4.028e-10 1.17 2.327e-09 1.030e-13 2.106e-09 2.205e-10 1.731e-01 3
217 1.796e-10 1.72  6.174e-10 1.256e-14 5.591e-10 5.833e-11  2.909e-01 3
218 5.440e-11 — 1.834e-10 1.559e-15 1.686e-10 1.479e-11 2.966e-01 3
Av.rate 1.83 1.95 3.00 1.94 2.02

Finally, Table 5 contains the results of our test computations for the adaptive
algorithm of Section 4.4. The last column gives the number of iterations
required until the stopping criterion with y =2 is met. The bottom row
displays averaged rates of convergence of the quantities in the respective
column. The adaptive strategy is successful, although the actual errors are
reduced in a less continuous way than observed for a priori chosen meshes. The
algorithm is based on a posteriori error estimates. These upper error bounds
are continuously reduced in each level of refinement. The term 5 is the leading
contribution to the error estimator.

Appendix A: B-spline basis functions

The B-spline basis for S, ,(A) is

)
M if x € [x0, x1],
g =1 M
0 otherwise,
H—--x0  &-x) if x € [xo, X1]
B )
Q1 (x) = (;C:_hx;h if x € [x1, X2,
1 2
0 otherwise,
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fori=2,..., N—1:

O = %i-2)” if x € [x;i_2, xi—1]
- ~1 =25 Ai—11s
(hi—1 + hphi_,
X —Xxi—2)(x;—x Xiv1 — X) (X — X .
( i—2) (X )+( i+ )( i-1) ifx € [ryxl.
@i(x) = (hi—1 + h)h; (hi + hip)h;
(Xit1 — x)? .
. if x € [x;, Xit1],
(hi + hiz)hiv o
0 otherwise,
(-2 = 0)° if x € [x Xn—1]
N—-25 AN—11,
(hn—1 +hN)hn—
2 2 2
x) = { hy — (xn—1 — %) X— XN :
v — R ) if x € [xn-1, xn],
hy (hn +hy-1)hy
0 otherwise
and
(Xxn—1 —x)* .
— g if x € [xn_1, xN],
PN (x) = N
0 otherwise.
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