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Abstract. We discuss an a-posteriori error estimate for the numerical solution of boundary
value problems for nonlinear systems of ordinary differential equations with a singularity of the first
kind. The estimate for the global error of an approximation obtained by collocation with piece-
wise polynomial functions is based on the defect correction principle. We prove that for collocation
methods which are not superconvergent, the error estimate is asymptotically correct. As an essen-
tial prerequisite we derive convergence results for collocation methods applied to nonlinear singular
problems.
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1. Introduction. In this paper, we discuss the numerical solution of singular
boundary value problems of the form

(1.18) 20 =004 5120, te 0.1,
(1.1b) B,z(0) + Byz(1) = 3,
(1.1¢) 2e o, 1),

where z is an n-dimensional real function, M is a smooth n X n matrix and f is
an n-dimensional smooth function on a suitable domain. B, and B are constant
r X n matrices, with r < n. In §3 we will demonstrate that condition (1.lc) is
equivalent to a set of n — r linearly independent conditions z(0) must satisfy. These
boundary conditions are augmented by (1.1b) to yield an isolated solution z. In
this paper, we restrict our attention to the class of singular boundary value problems
which are equivalent to a wellposed singular initial value problem, where all boundary
conditions are posed at ¢ = 0. In this case, a shooting argument can be used to derive
a representation of the solution convenient for our analysis. This implies certain
restrictions on the spectrum of the matrix M (0) which will be discussed in §3.

The search for an efficient numerical method to solve problems (1.1) is strongly
motivated by numerous applications from physics, chemistry, mechanics, or ecology,
see for example [15], [28]. Also, research activities in related fields, like the compu-
tation of connecting orbits in dynamical systems ([21]), or singular Sturm-Liouville
problems ([6]), may benefit from techniques developed for problems of the form (1.1).
The problem class discussed in this paper, where M (0) has no eigenvalues with posi-
tive real parts, arises in applications from mechanics (buckling of spherical shells, [22],
[25]), chemical reactor theory, cf. [11], or avalanche dynamics, see [18] and [19]. More-
over, Dirichlet problems for certain nonlinear elliptic equations lead to this problem
class when certain symmetries are present, see [23]. The computation of self-similar
solution profiles for the nonlinear Schréodinger equation is also essentially reduced to

*This project was supported by the Austrian Science Fund (FWF) under grant no. P-15072-MAT.
TAll: Institute for Analysis and Scientific Computing, Vienna University of Technology, Austria.
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2 W. Auzinger, O. Koch and E. Weinmiiller

this problem type, see [8]. However, our restriction on the spectrum of M (0) excludes
problems of the type

y'(0)+ 96 — 5u(t) = F(0),
see [20], [22], from the treatment. The first order system resulting from the Euler
transformation z(t) = (y(¢), ty’(t)) does not belong to the class considered here.

To compute the numerical solution of (1.1), we use polynomial collocation at
collocation points placed in the interior of every collocation interval. Collocation
has been used in one of the best established standard codes for (regular) boundary
value problems, COLSYS (COLNEW), see [1] and [2]. In COLSYS, (superconver-
gent) collocation at Gaussian points is used, cf. [7]. Our decision to use collocation
was motivated by its advantageous convergence properties for (1.1), while in the pres-
ence of a singularity other high order methods show order reductions and become
inefficient (see for example [14]). For linear problems (1.1) which can equivalently be
posed as initial value problems, it was shown in [13] that the convergence order of
collocation methods is at least equal to the stage order of the method. We will discuss
the restrictions implied by the latter requirement in §3. For the general class (1.1),
numerical evidence suggests that the convergence order is at least equal to the stage
order for both the linear and the nonlinear case!, cf. [5]. However, we cannot expect to
observe superconvergence (cf. [7]) when collocation is applied to (1.1) in general. At
most, a convergence order of O(|In(h)|"~th™*1)  for some positive integer ng, holds
for a method of stage order m, see [13]. Consequently, a restriction to collocation
at an even number of equidistant points, which implies that the convergence order
is at most O(h™), does not limit the method’s accuracy significantly. We use these
collocation nodes in practice, since it turns out that the error of the error estimate
we propose in this paper is O(|In(h)|™~1A™*1). This means that the estimate is
asymptotically correct when the order of the collocation method is not higher than
the stage order.

Our main aim was to construct an efficient asymptotically correct error estimate
for the global error of the numerical solution obtained by collocation. This estimate,
introduced in [5], is based on the defect correction principle, which was first considered
in [29] for the estimation of the global error of Runge-Kutta methods. In [29], the
estimate for the error at the mesh points is obtained by applying the (high order)
basic numerical scheme twice, to the original and to a suitably defined ‘neighboring
problem’. An extension of this idea proposed in [9], [24] avoids the second application
of the high order scheme, using a cheap low order method instead. Again, this estimate
is asymptotically correct at the mesh points only. A further modification proposed
by the authors provides an error estimate which is asymptotically correct at both,
the mesh and the collocation points. The analysis of this estimate in the context of
nonlinear regular problems was given in [5]. It could be shown that for a collocation
method of stage order O(h™), the error of the estimate (the difference between the
global error and its estimate) is of order O(h™*1). Numerical evidence suggests that
this is also true for singular problems. In this paper, we will prove this assertion for
the class of singular problems (1.1).

The collocation method and error estimate described in this paper were also im-
plemented in the MATLAB code sbvp designed especially to solve singular boundary

IThe analysis given in [26] for second order problems might provide tools to prove this assertion.



Error estimate for singular BVPs 3

value problems. The error estimate yields a reliable basis for a mesh selection proce-
dure which enables an efficient computation of the numerical solution. A description
of the code and experimental evidence of its advantageous properties are given in [4].

The paper is organized as follows: The analytical properties of (1.1) which were
discussed in detail in [12] are briefly recapitulated in §3. In §4.1, the results for
collocation methods according to [13] are given. Using these results, we derive new,
refined bounds for the errors of the numerical solution and its derivative, and extend
these results to the nonlinear case. This analysis is carried out in §4.2. In §5 we use
these estimates for the collocation solution in order to prove that our version of the
error estimate is asymptotically correct for problem (1.1). Finally, in §6 we give a
numerical example which illustrates the theory.

2. Preliminaries. Throughout the paper, the following notation is used. We
denote by R™ the space of real vectors of dimension n and use | - |,

lz| = |(z1, 22, ..., 20)T | == 121%Xn|$i|’

to denote the maximum norm in R™. CZ[0, 1] is the space of real vector-valued func-
tions which are p times continuously differentiable on [0, 1]. For functions y € C2|0, 1]
we define the maximum norm,

I9llfo.1y = max. [y(2)],

or more generally for an interval J C [0, 1],

[yll.7 = max |y(#)].

teJ
C?....10,1] is the space of real n x n matrices with columns in C?[0,1]. For a matrix
A= (ai)}j—1, A€ Cpy,00,1], [[Alljo,1) is the induced norm,

n
1 4ll0) = max |A(®)] = max @@; i3 (£)]
j:
Where there is no confusion, we will omit the subscripts n and n x n and denote
Cl0,1] = C[0,1].

For the numerical analysis, we define meshes

A = (To,Tl,...,TN),
and h; :==7;41—7;, 1=0,...,N—1, 79 =0, v = 1. On A, we define corresponding
grid vectors
ua = (ug, ..., uy) € RV,

The norm on the space of grid vectors is given by

lualls = max ful.

For a continuous function y € C[0, 1], we denote by Ra the pointwise projection onto
the space of grid vectors,

RA(y) = (y(10), -, y(7n))-
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For collocation, m points spaced at distances h;d;, j = 1...,m, are inserted in each
subinterval J; := [, 7;41]. This yields the (fine) grid®

J
(21) Am = {ti,j: ti,j:Ti+hiZ(5k7 iZO,...,N—l, jZO,,m—Fl}
k=0

We restrict ourselves to grids where §; > 0 to avoid a special treatment of the sin-
gular point t = 0. For the analysis of collocation methods, we allow §,,41 = 0. In
the discussion of the error estimate, we use the further restriction d,,+1 > 0. This
requirement is satisfied for equidistant collocation points which we use in practice (see
§1), where

1 )
For a grid A™, uam, || - ||om and Ram are defined accordingly.
67h1
P ti,j -
| | | I I I | |
I I T T T T I I
70 T oo ————— Ti+1 TN

hi

Fic. 2.1. The computational grid

3. Analytical results. In this section we discuss the analytical properties of
(1.1), cf. [12]. Here, we assume all eigenvalues of M (0) to have nonpositive real parts.
Moreover, the only eigenvalue of M (0) on the imaginary axis is zero. These restrictions
are necessary to ensure that we can use a shooting argument to derive a representation
of the solution convenient for our theory?.

First, we treat the linear case,

(3.1a) 20 =Y 1 50, te 1,
(3.1b) B,z(0) + Byz(1) = 3,
(3.10) cech1,

where B,, B, € R™*", r < n, are constant matrices, and 3 € R" is a constant vector.
Throughout, we assume M € C*[0,1]. Consequently, we can rewrite M (t) and
obtain

(3.2) M(t) = M(0) + tC(t)

with a continuous matrix C(t).
Let X be the kernel of M(0) and let R be a projection onto X, where the rank
of R is equal to . We define

S:=1,— R,
2For convenience, we denote 7; by tio = ti—1,m+1, @ = 1,..., N — 1. Moreover, we define
00 := 0, Om+1 := (ti,m+1 —ti,m)/{y. Note that we choose the same distribution of collocation points
in every subinterval J;, and that ;:61 d; =1holds fori =0,...,N — 1.

3Note however that we do not use shooting when we actually compute the numerical solution.
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where we denote by I,, the nxn identity matrix. The necessary and sufficient condition
for z to be continuous on [0, 1] is

S2(0) = 0.
This yields
2(0) = (S + R)2(0) = Rz(0),
and due to
M(0)2(0) = MRz(0) = 0

it follows that (3.1c) is equivalent to z(0) € ker(M(0)). These conditions are aug-
mented by (3.1b) to yield a unique solution.

We denote by F the n X r matrix consisting of a maximal set of linearly inde-
pendent columns of R. Moreover, let Z(t) = (Z1(t),..., Z,(t)) be the fundamental
solution matrix of the initial value problem

(3.3a) Z(t) = MT“)Z@ te(0,1],

(3.3b) Z(0) = E.

The necessary and sufficient condition for problem (3.1) to have a unique solution is
that the r x r matrix @,

(3.4) Q := B,E + ByZ(1)
is nonsingular. In this case, we can represent the solution z of (3.1) by

(3.5) 2(t) = S apZilt) + A(2),
k=1

where Z is the solution of

(3.6a) 2= "5 1 ), e,

(3.6b) (0) = 0.

The coefficients a = (ay, ..., a,) are uniquely determined by Qa = 8 — Byz(1).

For the solution of the linear problem (3.1), z € C**1[0,1] holds if f € C*[0,1]
and M € C*+1[0,1].

Now we discuss the nonlinear problem*

(3.78) 20 =04 5120, e 0.1
(3.70) B.2(0) + Byz(1) = 5.
(3.7¢) M(0)2(0) = 0.

In order to formulate analogous smoothness properties for z, we make the following
assumptions:

4 Again, we assume that M(0) has only eigenvalues with negative real parts or the eigenvalue 0.
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1. f: Dy — R™ is a nonlinear mapping, where D; C [0, 1] x R" is a suitable set.
2. Equation (3.7) has a solution z € C[0,1] N C*(0,1]. With this solution and a
p > 0 we associate the closed balls

Sp(2()) = {z €R™ : [3(t) — 2] < p}
and the tube
Ty(z) :={(t,xz): t€0,1], xz € S,(2(t))}.

3. f(t, z) is continuously differentiable with respect to z, and %’:Z) is continuous
on T,(z).

4. The solution z is isolated. This means that

u'(t) = MT(t)u(t) + A(t)u(t), te(0,1],

B,u(0) + Byu(1l) =0,
M (0)u(0) = 0,

where

has only the trivial solution.
Under these assumptions and for f € C*(T,(z)), M € C*t1[0,1], the solution z of
(3.7) satisfies z € C*+1[0,1].
For further details and proofs see [12].

4. Collocation methods. In this section, we derive new, refined error bounds
for collocation methods applied to (1.1), relying on earlier results formulated in [13].
Moreover, we extend the convergence analysis to the nonlinear case. For reasons of
simplicity, we restrict the discussion to equidistant meshes, h; = h, i =0,...,N — 1,
because the results from [13] are formulated for this situation. However, the results
also hold for nonuniform meshes which have a limited variation in the stepsizes, see [13,
§6].

Let us denote by B the Banach space of continuous, piecewise polynomial func-
tions g € P, of degree < m, m € N (m is called the stage order of the method),
equipped with the norm || - [[p,1]. As an approximation for the exact solution z of
(1.1), we define an element of B which satisfies the differential equation (1.1a) at
a finite number of points and which is subject to the same boundary conditions.
Since we require the numerical solution to satisfy (1.1c), we introduce the space
B, C B, such that M(0)q(0) = 0, V¢ € B;. Thus, we are seeking a function
p(t) = pi(t), t € J;y i =0,...,N —1, in By which satisfies

M(t; ; . .
(4.1a) Pé(tm‘):%Pi(tm)+f(ti,jvpi(tz‘,j)), i=0,...,N=1, j=1,...,m,
2,7

(4.1b) Bup(0) + Bypp(1) = f3.

We consider collocation on general grids A™ as defined in §1, subject to the restriction
61 > 0.
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4.1. Earlier results. In [13], collocation methods for linear problems were stud-
ied. For the analysis of the nonlinear case in §4.2, bounds for the collocation solution
p € By need to be specified. Here, the relevant preliminaries from [13] are recapitu-
lated.

Thus, we consider the solution p € By of

M(t:
@2m) pflr,) = L)
i,

(4.2b)  Bap(0) + Byp(1) = B.

p(tzj)—‘rf(tzyj), i:O7...,N—1,j:1,...,m,

LEMMA 4.1. For u,3 € {0,1} and arbitrary constants c; ;, there exists a unique
p € By which satisfies

(4.3a) p'(ti;) = Ai(?)p(ti,j) + M;O)#c,,j, i=0,...,.N—1,j=1,....m,
(4.3b) p(0) = 0. "

Furthermore,

(4.4) Iplls, < const. 7,7 In(R)|Po=m)r ;i =0,...,N —1,

where ng is the dimension of the largest Jordan block of M(0) corresponding to the
eigenvalue 0,

@e={ 5 Izl

0, x <0,
and
C; = max ez ;1.
= 07' )l
j=L...,m
Proof. See [13, Lemma 4.4]. O

The following result is a slightly modified version of [13, Theorem 4.1].
THEOREM 4.2. For u,f € {0,1}, consider the problem

M(t; ; M(0)* . .
(4.5a) p'(ti ;) = #p(ti,j) + #cm, i1=0,....N—1, j=1,...,m,
(2¥] 'L,j

(4.5b) p(0) = 6 € ker(M(0)).

There exists a unique solution of (4.5) when h is sufficiently small, and this solution
satisfies

(46) bl < const. (18] + 75 (R)[romme ), i =0, i,

for a suitable ig < N — 1.
Proof. In [13, Theorem 4.1], the estimate following [13, (4.15)] can be replaced by

(47) ||pHJ1 < H(Ti+1||p||[0,7i+1] + |6| + TilJr_lﬁ‘ ln(h)|(5(no_#))+ci)’ 1=0,...,10,

if the results of [13, Lemma 4.4] are suitably applied. Substitution of the bound for p
derived in [13, Theorem 4.1] into the right-hand side of (4.7) yields the result. O
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Note that the existence of the solution of (4.5) and the estimate (4.6) are shown
only on an interval [0, b], where b is sufficiently small (but independent of k). Thus, we
need to use classical theory for regular problems to ensure the existence of the solution
on the whole interval. In the sequel, we treat the underlying singular problems only
on the restricted interval, and apply classical results for collocation from [3], and the
error estimate analysis for regular problems from [5], to complete the proofs.

4.2. New error bounds. First, we use Theorem 4.2 to derive bounds for the
solution p € By of the general linear problem (4.2) and for its derivative p’. By the
superposition principle, p can be written in the form

(4.8) p(t) = 3" b Pe(t) + 5(2),
k=1

analogous to (3.5) for the exact solution. Here, P(t) = (Py(1),..., P-(t)) isthe n x r
matrix solution of

(493) P,(ti,j) = —
(4.9b) P(0) = E,

whose columns are in By, and p satisfies

M(ti;) -

(4103“) ﬁl(ti,j): p(ti,j)+f(ti,j)v Z‘Zoa"'va]-v j=1...,m,

Lij

(4.10b) $(0) = 0.

It was shown in [13, Theorem 4.4] that the representation (4.8) is well defined. Of
course, the coefficients by could be computed in principle from the boundary conditions
as in the case of the analytical problem; the representation (4.8) is used only to
describe the structure of the solution p and therefore we refrain from specifying by
explicitly. Next, we derive convergence results for the quantities appearing in the
representation (4.8) using arguments similar to those given in [13, Theorem 4.2].

Consider the solutions z and ¢ of (3.1a) and (4.2a), respectively, subject to the
initial conditions z(0) = ¢(0) = ¢ € ker(M(0)). We define an error function e € By
by

el(ti,j) = Zl(tl;]) - q/(ti,j)’ i= 0) e 'aN - 17 .] = 17' -,
e(0) =0.

From standard results for interpolation, see for example [10], we conclude that
e(t) = z(t) — q(t) + tO(R™)

if z is sufficiently smooth, whence

M(t; ; , .
(4.11a) €'(t;;) = %e(tm-) +O0(™), i=0,...,N—1,j=1,...,m,
,J
(4.11b) e(0) = 0.
Now, Theorem 4.2 yields

(4.12) |le

5 < T O(R™), i =0, ... i,
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and consequently

(4.13) llz —q

J, <Tip1OR™), i=0,... 4.
It follows from (4.11a) and (4.12) that €’(t; ;) = O(h™), which implies
(4.14) 12" = d'lljo,1) = O(A™).

Finally, we show that the residual of ¢ w.r.t. (3.1a) has the same asymptotic quality.
Since ¢ € C0,1] and ¢’ has only a finite number of jump discontinuities in [0, 1], we
can use the representations

(4.15a) q(t) =0+ t/ q'(st) ds,
"
(4.15b) z(t) =0+ t/ 2 (st)ds
0
to conclude that
0= a0~ 10 = o0~ 0+ 2 [ (@/s) - (s s
(4.16) — O™, telo,1].

This means that the refined bounds (4.13), (4.14) and (4.16) hold for the funda-
mental modes Py, and the particular solution p in (4.8). To show that these bounds
also hold for the solution p of (4.2), we have to estimate the differences |aj — by| for
k=1,...,r. We substitute (3.5) and (4.8) into (3.1b) and obtain a system of linear
equations for ay — by. This system is nonsingular since @ from (3.4) is nonsingular
and P(1) = Z(1) + O(h™). This implies

(4.17) b =ar+O(R™), k=1,...,r

see also [13, Theorem 4.5].

Consequently, the following result holds.

THEOREM 4.3. Consider the solution p € By of (4.2) as an approximation of the
(sufficiently smooth®) solution z of (3.1). Then, for a sufficiently small stepsize h and
a suitable ig < N — 1 the following bounds hold:

(4.18a) 2(t) — p(t) = EO(h™) + 7.1 O(R™), te Jy, i=0,..., i,
(4.18b) 2" = p'lljo,,) = O(R™),

(4.18¢) p'(t)—wpu)—f(t)\:omm), re 0.1,

t

Proof. The result follows immediately on noting that P(t) can also be written in
a form given by (4.15a) and therefore,

20) — pt) = S an(Ze(t) — Pol) + 3w — ) PL(t) + 2(8) — (1)
k=1

k=1
= 7.10(h™) 4+ (E +t0(1))O(h™) + 17,,10(h™), t € J;.

5We require that z € C™t1[0, 1], which holds if f € C™[0,1] and M € C™*t10,1].
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The bounds (4.18b) and (4.18c¢) are direct consequences of this representation. |

To prove the analogous convergence results for nonlinear problems, we use tech-
niques developed in [17]. In order to show the existence of the solution and derive the
error bounds, we rewrite the problem in an abstract Banach space setting and apply
the Banach fixed point theorem. The arguments are similar to those given in the
proof of [17, Theorem 3.6], but we cannot use this theorem directly, because some of
the assumptions made there are violated and also, a refined error estimate is required.
Therefore, we need to repeat the main steps of the proof.

We write the collocation problem as an operator equation

(4.19) F(p) =0,

where F': By — Bs is defined by

Pl [ 7 t0) = S5 p(tig) = fEp(tig), i=0, N =1 =1 m
Bap(0) + Byp(1) — B8

and By and By are Banach spaces,

By = ({qg € P+ M(0)q(0) =0}, | - |

1), Bo= (RN™mHT ).
For p € By, the Fréchet derivative DF(p) : By — Bs of F' is given by

DF(p)q =
<q/(t7,,3) - %q(tl,j) - DQf(tl,jap(tl,J))q(tl,j)7 1= Oa .. '7N - 17 .7 = 17 .. 'am>

)

B.q(0) + Byq(1)

where Dy f(t, z) is the Fréchet derivative of f with respect to z.
If Do f is Lipschitz, then DF also satisfies a Lipschitz condition with the same
constant,

(DF(py) — DF(ps))q| = ’( (()DQf(ti,j»pl(ti,j)) = Dy f(tij,p2(ti)))a(ti;), Visj )‘

< L{lp1 = p2lljo,11llallj0,1-

For the convergence proof, we require all assumptions from §3 to hold. In particular,
this means that an isolated, smooth solution z of (1.1) exists. Using this function,
we now construct an auxiliary element p..s € By for the proof of the existence of a
solution p of (4.1). We require that p..r satisfies

(420&) pief(ti,j) :Z/(ti’j)7 ’L'ZO,...,N—L ]: 1,...,m,
(4.20b) Bapref(()) + Bbpref(l) = /.

Since pl is a piecewise polynomial of degree < m — 1, it is uniquely defined by the
system (4.20a). Moreover,

(4.21) ||Z/ - p;ef”[O,l} =O(h™).
Representing pref by means of (4.15a) we conclude

2(t) — pret(t) = E(r1 — r9) +tO(R™), 11,1 € R".
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Substitution into (4.20b) yields

(Ba + By)E(r1 —r2) = O(R™).

For the further analysis, we assume that

(4.22) Q := (B, + By)E is nonsingular.
This implies 1 — ro = O(h™), and consequently,
(4.23) 2(t) = pret(t) = EO(R™) + tO(h™).

Remark. Assumption (4.22) is quite natural. If we require that boundary value
problems consisting of (1.1a) posed on intervals (0,0], 0 < b < 1, and boundary
conditions M (0)z(0) = 0 and B,z(0)+ Byz(b) = 3, have unique, continuous solutions,
then (4.22) follows. Moreover, we can interpret (4.20) as the (regular) collocation
problem associated with the boundary value problem

y'(t) = 2'(t), te(0,1],
B,y(0) + Byy(1) = 4,
M(0)y(0) = 0.

Obviously, y(t) = z(t) is a solution of this reconstruction problem, and if we require
the solution to be unique, then (4.22) must hold. Note that (4.22) always holds for
problems with separated boundary conditions.

We now use (4.23) to derive the following relation:

M(t; 4 ..
F(pref) _ p:ef(ti,j) - t(f] )prcf(ti,j) - f(ti,jvprcf(ti,j))v vza]
Bapref(o) + Bbpref(l) - 6

M(t; ;
Pleg(ting) = 2/ (i) = “55 (prer(t 1) — 2(ti )

—f(ti g, pret(tig)) + f(tig, 2(tij), Vi,j

0
( MOV (BO(R™) + t; ;0(h™)) + O(h™), Vi,j )

ti g

0
(4.24) _ ( O(gm) )

Finally, we give an estimate for DF~!(p..f). Note that

4= DF(prer) (( T V0 ))

is the solution of the linear collocation problem
M(t;,;)

tij

(4.25a)  q'(ti;) = q(tig) + Daf (tij, pret(tij))q(tig) +Vig, Vi, 5,

(4.25b)  Baq(0) + Byq(1) = 5.

Since for sufficiently small h, pyer is in T,(2), this problem is well defined. Finally,
from Theorem 4.2, we have

(4.26) llqlls, < const. (8] + Ti417:),
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where
= max |yl
1=0,...,i
j=1...,m

With these preliminary results we can prove the next theorem.

THEOREM 4.4. Let z be an isolated, sufficiently smooth solution of (1.1). For
sufficiently small h and p > 0, the nonlinear collocation scheme (4.1) has a unique
solution p in the tube T),(z) around z. Moreover, the estimates (4.18) hold.

Proof. We proceed in a manner similar to the proof of [17, Theorem 3.6]. Define
a mapping G : By — Bj,

(4.27) G(q) = q— DF " (pet) F(q).
Obviously, F(p) = 0 is equivalent to the fixed point equation G(p) = p. We use the
Banach fixed point theorem to show that this equation has a unique solution in a

suitably chosen closed ball

K = K(prefapO) = {q € B: ||q _prefH[O,l] < Po}

To show that G is a contraction, we write

q = G(p1) — G(p2) = DF " (pret)(DF (pret) — DF (p1,p2))(p1 — p2),
for p1,pe € K, where
- 1
DF(p.p2)i= | DF(rpr + (1= r)pa)dr.
0
Consequently, ¢ is the solution of the scheme (4.25), where

’( ZJ I )‘ = /OI(DF(pref) — DF(p1 + (1 — 7)p2)) d7(p1 — p2)

< Lpollp1 — p2llj0,1]5

due to the Lipschitz condition DF satisfies. Thus, it follows from (4.26) that G is a
contraction with constant L < 1 if pg is sufficiently small. To show that G maps K
into itself, we estimate for q € K,

0.1] + [|G(pret) — G(q)|

where pret — G(Pref) = DF ™ (Drot) F(Drot) is the solution of (4.25) with vi,; = O(h™)
and =0, cf. (4.24). Thus,

[0,1]»

”pref - G(Q)H[O,l] < Hpref - G(pref)|

(4.28) [Pret — G(@)|l0,1) < O(A™) + Lpo < po

provided that h is sufficiently small. The Banach fixed point theorem now implies
that a solution p € By of (4.1) exists.
We now prove the convergence results (4.18). From

||pref _p”Ji = ||pref - G(p)”], S ||pref - G(pref)“Ji + ||G(pref) - G(p)HJl
S TiJrIO(hm) + L”pref —-p

Ji
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we have ||pret — plls; < Tip10(R™), which together with (4.23) yields

Z(t) - p(t) = Z(t) — DPref (t) + pref(t) - P(t)
(4.29) = EO(h™) +tO(h™) + 1,,10(h™), t € J;.

Consequently, (4.18a) follows. Next, we choose a piecewise polynomial function e € B;
satisfying €’ (t; ;) = 2'(t; ;)—p'(ti ;). Therefore, €'(t) = 2'(t)—p'(t)+O(h™). Moreover,
(4.29) implies

e'(ti ;) = 2'(ti5) — p'(ti;)
= 20 a(t15) = ) + 0. 2(0) = . 1002)
—O(™), i=0,....N—1,j=1,...,m.

Thus €'(t) = O(h™) = 2/(t) — p'(t) + O(h™) and (4.18b) follows. Finally, (4.18¢) is
shown by using (4.18b), (4.29), and the Lipschitz condition for f in

MO 0) -~ s 90

Pt) = 2'(8) + — = (p(t) = 2(1)) = f(&,p(8)) + f(2,2(2))
—O(h™), tel0,1]. O

p(t) -

Under the previous assumptions we can also show that Newton’s method con-
verges quadratically when it is applied to compute the collocation solution p, provided
that the starting approximation pl° is chosen sufficiently close to pref.

THEOREM 4.5. Let all assumptions of Theorem 4.4 hold. Newton’s method con-
verges quadratically to the solution p € K (pret, po) of (4.1) if the starting iterate pl%
is chosen in a ball K(pret,p1), p1 < po, provided that py, p1 and the stepsize h are
sufficiently small.

Proof. The proof is analogous to that of [17, Theorem 3.7], taking into account
the modifications made earlier in the proof of Theorem 4.4.

We write®

DF(q) = DF (pret)(I + DF ™" (pret)(DF (q) — DF (pret)))

for ¢ € K(pret, po) and use the bound for DF~1(p.t), the Lipschitz condition for DF
and the Banach lemma to show that DF~1(g) is bounded if py is sufficiently small,

(4.30) IDF~(g)llj0,1) < Kpo»
where K, is a constant depending on pg. Furthermore, let pl% in K (Prefs 1), then

p = pl = —DF1 ()P (pl%)
= —DF ' () F(pret) + DF 1 (pl%)(DF (ret, ) (pret — p?))

67 is the identical mapping on the space of operators mapping B — Bsa, that is, I : DF(pyet) —
DF(pref)'
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holds, with DF (p1,p2) specified in Theorem 4.4. Using the Lipschitz condition for
DF we obtain
IDF= (™) DF (pret, o) (pret — ') lj0,11
= Ipret — P + DF 1 (pY(DF (pres, p”) — DF () (pres — p1)|

L
< (1+ gle()) p1 =: Cpl

[0,1]

Finally, we conclude
Ip™ = P01 < Ky O(B™) + Cpr.

Consider a ball K (p[o], r). For a sufficiently small p; it is possible to choose the radius
r < po in such a way that K (pl%, r) C K (pret, po). Moreover, let

IDF= () (DF(q1) = DF(g2)) o) < w(ller = a2llfo)s Yar,40 € K%, 1),
and choose 7 such that the condition w(r) = 2K,,Lr < 1/2 holds. Consequently,
1" = M j0,1) < KpeO(h™) + Cp1 < (1= 2w(r))r,

provided that p; and h are sufficiently small, cf. [16, (6¢)]. This implies that the as-
sumptions of [16, Theorem 1] are satisfied and the quadratic convergence of Newton’s
method in K (pl, r) follows. O

5. The error estimate. In this section, we analyze an error estimate based on
the defect correction principle for the numerical solution p on the collocation grid
A™. For reasons explained in §1, it is sufficient for practical purposes to consider
equidistant collocation, cf. (2.2), where we choose m even. However, the argument is
valid on any collocation grid with ¢; ,, <t; 41, 1=0,...,N — 1.

Our estimate was introduced in [5], where it was shown to be asymptotically
correct for regular problems. The numerical solution p obtained by collocation is
used to define a ‘neighboring problem’ to (1.1). The original and neighboring problems
are solved by the backward Euler method at the points ¢;;, ¢ =0,...,N -1, j =
1,...,m+1. This yields the grid vectors” &; ; and m; ; as the solutions of the following
schemes, subject to boundary conditions (1.1b) and (1.1c),

&ij—&ij—1  M(ti;)

(5.1a) = §ij+ f(tiy, &), and
tij —tij—1 tij
T —mijo1 Mt _
(5.1b) b = Moyt M ”)Wz‘,j + f(tig,mig) + diy,
ti;—tij-1 ti

where J'i,j is a defect term defined by

m—+1
(5.2) dij:= Pli) = pltii-1) > ajk (M(ti’k)p(ti,k) + f(ti,k,p(ti,k))> :

tij —tij_ t;
i, i,j—1 h—1 ik

)

Here, the coeflicients «; ; are chosen in such a way that the quadrature rules given
by

1 tij m—+1
| emdrx Y aspltin)
tij —tij—1 tij—1 k=1

"Here and in Theorem 5.1, we assume throughout 4 =0,...,N —1, j=1,...,m+ 1.
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have precision m + 1.
In the next theorem, we show that the difference Eam — mam is an asymptotically
correct estimate for the global error of the collocation solution, Ram (z) — Ram (p).
THEOREM 5.1. Assume that the singular boundary value problem (1.1) has an
isolated (sufficiently smooth®) solution z. Then, provided that h is sufficiently small,
the following estimate holds:

(53)  [[(Ram(2) = Ram(p) = (Eam — mam)am = O(|In(h)["~ ™),

with ng specified in Lemma 4.1.

Proof. The general idea of the proof is similar to that for regular problems. In
particular, the smooth nonlinear part in the right-hand side of (1.1a) can be treated
analogously. Therefore, we give a general outline of the proof here, and discuss those
aspects which are crucial for the singular case. For further technical details we refer
the reader to [5].

Let

(54) EAM = §Am — RAm (Z), EAm = TAmMm — RAm (p),
then the quantity to be estimated is
(5.5) 5A7n = (RAWL (p) — RA?YL (Z)) — (ﬂ-ANL — gAﬁL) = EAMm — €_A7n.

Here, eam, the error of the backward Euler scheme applied to the original problem,
satisfies

€ij — Eij— M(t; ; 2(ti ;) — 2(tij—
(56) X 61 = ( Z’J)Ei,j + f(ti,jagi,j) _ ( ZJ) ( ,J 1)
tij —tij—1 tij tij—ti1
M(t- )
==y + St Gg) —
2]

m—+1 )
- Z Qjk (Mt(?;’k)z(ti,k) + f(tik, Z(ti,k))> + O(h™Th,
k=1 2

since the «; . define quadrature rules of precision O(h™*1). Moreover, am satisfies

€ij —Gij—1  M(ti;) p(ti;) —p(tij—1)

( ) tz’] _ ti’jfl tz’j %] ( [3¥) le) 2,7 tz,j _ ti,jfl
- t(. l.J*) g+ f(tig,mig) =
3
m+1
M(t; i
=3 g (M p00) + st
k=1 b

Both (5.6) and (5.7) hold for i =0,...,.N—1, j=1,...,m+ 1, and eam as well as
&gam satisfy homogeneous boundary conditions.

In order to proceed, we use Taylor’s Theorem to conclude that
1
ftig,&ig) — f(tig, 2(ti;)) = /0 Dy f(tij,2(ti5) + (& — 2(tij))) d7 - €i 5
(58) = A(ti’j)&‘i’j,

81n fact, we require z € C™12[0, 1].
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and analogously,

(5.9) ftigomig) — ftig,p(tiz) =: Ati ;)& ;.
Next, we note that due to (4.18¢),

m—+1

- p(ts;) — p(ts j— M (t; 1
dij = (i) = pltis=1) _ Z Qi k ( (s )p(ti,k) + f(tik, p(tix))
ti; —tij—1 Pt tik
1 ti,j m+1
= 7/ p/(T) dr — Z aj’kp/(tiyk) +
tij —tig—1 Ju ;0 =

M(t;m+1)

p(ti,m+1) - f(ti,m+1ap(ti,m+1))>
ti,m+1

+ Q4 mt1 (p/(ti,m+1) -
(5.10) = O(h™).

From this we conclude that & ; = m; ; + O(h™) using the following argument:

The backward Euler schemes (5.1a) and (5.1b) can be written as collocation
methods with m = 1 and the collocating condition posed at the right endpoint of
each interval [t; j_1,t;;]. Thus, we discuss the collocation solutions £(t), m(t) of two
singular boundary value problems whose right-hand sides differ by a term O(h™).
This term can be assumed to be smooth, if a suitable interpolant g of d; ; is used.
More precisely, £(t) is an approximation to the solution z of (1.1), and w(¢) is an
approximation to the solution of

M(t
e = T sei(t) 4 70, 200() + 000), € (0.1]
Bazdcf(o) + Bbzdcf(l) = /8»
M(O)Zdef(o) =0.

For (1.1), we make the assumption that the analytical problem is stable in the sense
that

|z — zdetll[0,1] < comst. [|glljo,;) = O(A™)

holds. For results on this type of stability analysis, see [27].

As in §4 we can prove that (locally) unique solutions £(¢) and 7(¢t) of (5.1a) and
(5.1b) exist in a neighborhood of z and zgef, respectively.

Subtracting (5.1b) from (5.1a) and using Taylor expansion about 7(t;;), we can
show that ¢(t) := £(t) — w(t) satisfies the linear scheme

q(tiz) —q(tij—1) _ (tij) +ti; B( Zy])Q(ti,j) + O™,
tij —tij—1 tij

with a suitable, bounded matrix B and homogeneous boundary conditions. Since
this is equivalent to a collocation scheme, we may use [13, Theorem 4.4] with v =
d = 0 (or alternatively a combination of stability results from §4), to conclude that
[Ram (g)llam = [[€am — 7am|lam = O(h™).

Since €; ; = O(h) and &; ; = O(h), we may finally write (see [5])

At j)Ei; = Altij)Ei + (Alti ;) — Altij))Ei; = Alti ;)& + O(R™ ).
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Now we use (5.8), (5.9) to rewrite (5.6), (5.7) and obtain

€ij —Eij—1 _ M(ti,) M (ti;)
L= = e+ Altig)eis + Lo2(tig) + f(tig, 2(tiz)) —
tij —tij—1 Lij Lij
m—+1
M(t; .
(5.11) ~ Y g ( Wik) (tus) + f(ti,k,zm,k») o,
Pt tik
and
Eij —Eig—1 _ M(tij)_ _ M(t; ;)
’ = o8+ Alti )& + ——2p(tig) + f(tig,p(tiz)) —
tij —tij—1 tij irj
m4+1 M(t )
ik m
(5.12) =3 e (M 000 + 1t pltia))) + 00,
k=1 v

Systems (5.11) and (5.12) are a pair of ‘parallel” backward Euler schemes, with related
inhomogeneous terms. Let us use the shorthand notation ¢(t) := f(¢,p(t)) — f(¢, 2(t)).
It can be shown that for the difference in the smooth parts of the inhomogeneous terms
the estimate

m—+1
|p(ti,) — Z aj k@ (ti)| < const. hil|¢'|s,
k=1
(5.13) < const. hi(|[z — plls, + |2/ = P|l5,) < O(h™t)

holds. To see this we use Taylor expansion of ¢(t; ) about ¢, ; and the fact that
Z’:ll a; =1 for all j, see [5]. The estimate finally follows from Theorem 4.4.

In the next step, we derive a representation for the difference in the singular

terms occurring in the inhomogeneous parts of the schemes (5.11) and (5.12). With

€(t) == z(t) — p(t) and with o :=t; ; + 7(t; x — t;;), we rewrite

o m+1 )
(5.14) 7Mt(_tl"])€(ti,j) - Z Oéj)kth('t:k)E(ti,k)
b k=1 b
_ Mt(j;’J)f(ti,j) _ ; i (Mt(zj.d)e(tiﬁj) +
Y'd (M(o)
+ /O - < . e(o)) dr(ti — tm))
Nttt [ (MO
- ; aj,k<tz,j tl,k:)/o ( e ( )
_ ]\40(20) e(o) + C'(o)e(o) + C(a)e’(a)) dr
M (0)

_ - O(hm+1)—‘r0(hm+1),
4,J

on noting that
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and using the results of Theorem 4.4.

Altogether, we have shown that the error of the error estimate éam, cf. (5.5),
satisfies a linear Euler difference scheme
(5.15a) 1 :ifl = Mt(.tf’j)éi’j 4 At )Es + Ml((‘))

1,9 i,5—1 1,7 ]
(5.15Db) Buéoo + Byen—1,m+1 =0,
(515C) M(O)égyo =0.

O(h™h) + O(h™1), Vi, j,

This scheme can also be interpreted as a collocation scheme with m = 1 where the
only collocation point is the right endpoint of every collocation interval. To estimate
the solution of (5.15) we use a representation according to (4.8) for éam. Then we
apply Theorem 4.2 to derive bounds for the quantities occurring in (4.8), and conclude
that altogether the estimate (5.3) holds for the solution of (5.15). d

Remark. Obviously, the arguments used to prove the last theorem are valid for any
choice of collocation nodes. The only necessary restriction is ¢; 41 > t; . However,
if we consider superconvergent schemes, the error estimate is no longer asymptotically
correct, because the basic collocation solution has a higher convergence order in that
case. Therefore we restrict ourselves to an even number of equidistant collocation
points. This restriction is not severe, since in the case of singular problems, the
highest convergence order that can generally be expected at the mesh points 7; is
O(|In(h)|[*o~thm*1) see [13].

Finally, we would like to mention an alternative variant of our error estimate
closely related to the so-called “Version B” of defect correction according to Stetter
[24]. If instead of (5.1) we solve

ij — Gij— M(t,, 7
(5.16) by — Gigm1 _ M J)Cz',j + D(ti,;)Gij — dijs

tij —tij—1 tij

where
D(t; ;) == Daf(ti;,p(ti;))s

then (; ; is an asymptotically correct error estimate. To see this, we note that the
difference between this error estimate and the estimate analyzed earlier in this paper,

zij = (§ij — mij) — Gij

satisfies

$i7‘ —xi,;l M ti"
. 1 M J)xi,j + f(tij.&i5) — f(tig,mig) — D(ti )Gy
ti; —tij—1 ti

M(t; ;
_ ( .’])xi,j + O(hm+1)

0.
Consequently, the error of this error estimate has a bound analogous to (5.3). Note
that for linear problems, this alternative error estimate coincides with the variant

discussed earlier in the paper. For nonlinear problems, the practical usability and
numerical stability of the new estimate still has to be carefully assessed.
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6. Numerical examples. To illustrate the theory, we first consider the follow-
ing nonlinear problem:

1/0 1 0
6.1a) Z'(t)== 2(t) +t 2 ,
(6-1a) Q l ( 0 -1 ) ) ( _2((22122);82%(15) + (t28—t22)2z%(t) )

(6.1b) < - ) 2(0) + ( v > (1) = ( 1/1g(3> >.

Its exact solution is

1 22 T
z@:<Mﬂ+W_W+%WW+ﬂ)'

The computations were carried out with the subroutines from our MATLAB
code sbvp (cf. [4]) on fixed, equidistant grids. For the purpose of determining the
empirical convergence orders the mesh adaptation strategy was disabled. The tests
were performed in IEEE double precision with EPS =~ 1.11 - 10716, In Table 6.1, we
give the exact global errors err.oy of the collocation solutions for the respective mesh
width h, and the convergence orders p.o; computed from the errors for two consecutive
stepsizes. Moreover, the errors of the error estimate with respect to the exact global
eITorsS, €ITest, are recorded, together with associated empirical convergence orders
Pest- In accordance with the theoretical results from §§4-5, convergence orders O(h%)
for collocation and O(h%) for the error estimate are observed. This illustrates the
asymptotical correctness of the error estimate analyzed in this paper. Test runs given
in [4] demonstrate that this error estimate can be used as a dependable basis for a
mesh adaptation algorithm, providing an efficient, high precision numerical solver.

TABLE 6.1
Convergence orders of collocation and error estimate for (6.1)

|

CITcoll Pcoll €ITest Pest
1.5763e—04 2.2232e—05
9.5865e—06 4.04 | 6.5978e—07 | 5.07
5.9574e—07 | 4.01 1.7873e—08 | 5.21
3.7189e—08 4.00 | 5.1077e—10 | 5.13
2.3237e—09 4.00 | 1.5205e—11 | 5.07
1.4522e—10 4.00 | 4.6274e—13 | 5.04
9.0772e—12 4.00 | 1.4655e—14 | 4.98

NN DNDNNDNDN
|
0 N o oA w N

Finally, we demonstrate the favorable performance of our error estimate for a
practically relevant example from applications. The following boundary value problem
is a model from the theory of shallow spherical shells, see [22], [25]. The transformation
of the original two-dimensional system of second order to the first order form, yields

0 0 1 0 0
w1l oo 0o 1 0
(6.2) Z(t)= 00 -2 0 z(t) +t () (=12 + 211(75)) _oy |
00 0 -2 21 () (p? — 521(t))

where the eigenvalues of M (0) are A =0, 0, —2, —2. The boundary conditions read
23(0) = 24(0) = 2z1(1) = 0, 24(1) + 2/322(1) = 0, and the parameters are chosen
as 4 =9, v = 6000. We solve (6.2) using our code sbvp ([4]) equipped with the
error estimate from §5 and adaptive mesh selection routine. The numerical solution
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N — ermor
a5k —_estimate

ermor

F1G. 6.1. Solution, global error and error estimate for (6.2).

satisfies a mixed tolerance requirement with absolute and relative tolerance equal to
10~* at a mesh containing 124 mesh points, where the variation in the mesh width is
just below 2. In Figure 6.1 four components of the numerical solution are given and
the estimate of the global error on the final mesh is compared with the error of the
collocation solution. In order to calculate the error of the collocation solution we used
a reference solution computed with tolerances 5-1076. The maximum of the error
estimate is 0.0038367, and the maximum of the error with respect to the reference
solution is 0.003706. For the most part of the integration interval, the estimate slightly
overestimates the “true” error.

Acknowledgment. We wish to thank the referees for their valuable suggestions,
in particular for pointing out the alternative variant (5.16).
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