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THE ALTERNATING METHOD APPLIED
TO TWO-POINT BOUNDARY VALUE PROBLEMS

GEORGE BARAVDISH, B. TOMAS JOHANSSON

PE3IOME. Ausbrepuytountii itepamniitauii meros Kozmosa-Ma3bi, mo 6yB 3ampo-
[OHOBAHUH /11 00epHEHUX KPAHOBUX 33124 Jjisd PIBHAHD B YACTUHHUX I10X1/1-
HIX, 32CTOCOBAHO /0 IBO-TOYKOBOI KPaioBOl 33421 /11t 3BUHAHOr0 nudepeH-
MIaJIbHOTO PIBHAHHS APYTOTO MOPSAKY. JlOCTimKeHo BUMIAIOK JIiHIHHOTO 1m-
depenniaabHOro oneparopa Apyroro LOPsJKy. 30KpPeMa, OAAaHO KpUTepii
301KHOCTI sIK 3B’sI30K MixK KoedimienTamMu audepeHIfajlbHor0 oneparopa i
KIHI[EBUM MOMEHTOM dacy iHTepBasy. s meminiiinoro mudepeHIiasHoro
oliepaTopa BUBEJAEHO Jeski (Gopmysu, 3a JOLOMOIOIO SKUX MOXKHA JOBECTH
36ixkHicTh. OHAK, K IIOKA3AJIN YNCEIbHI €KCIIEPUMEHTH, 3HAXOIKEHHS KPH-
Tepio 36iKHOCTI B HEIIHINHOMY BUIMAJAKY € HETPHUBIAJIHHOIO 33AT€I0.
ABsTRACT. The alternating iterative method of Kozlov and Maz’ya, originally
proposed for inverse boundary value problems for partial differential opera-
tors, is applied to a two-point boundary value problem for a second-order
ordinary differential operator. The case of a linear second-order operator is
investigated in detail. In particular, a criteria for convergence expressing a
relationship between the coefficients of this operator and the final time of the
interval is given. For nonlinear operators some formulas are derived on which
a proof of convergence can be obtained. However, as is highlighted by a nu-
merical example, finding criteria on the problem to guarantee convergence of
the alternating method in the nonlinear case is nontrivial.

1. INTRODUCTION

The alternating iterative method was proposed in 1989 by V. A. Kozlov and
V. G. Maz’ya [33] to solve some inverse ill-posed problems such as the Cauchy
problem for a self-adjoint and strongly elliptic operator and data reconstruction
for hyperbolic operators. An advantage with the alternating method is that one
solves well-posed problems for the same type of governing partial differential
operator in the solution domain as in the ill-posed problem and there is no pa-
rameter involved in the procedure. These properties have made the alternating
method a popular choice in engineering applications and we give a brief survey
on some of these results and applications before introducing the problem to be
studied.

For general applications and implementation of the alternating method for
Cauchy problems for time-independent operators (typically the Laplace oper-
ator), see [35, 23, 8, 16, 42, 40, 29, 24|. Relaxation to speed up the conver-
gence has been introduced and examined in [29, 30, 25, 27|. Generalization
of the alternating method to the Stokes system was undertaken in [7| and to
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the Helmholtz operator in [26], see also [10]. The alternating method for the
Laplace equation was extended to unbounded domains in [13]|. Convergence for
some nonlinear operators was shown in [41, 4]. The various numerical imple-
mentations have mainly been performed using the boundary element method
or integral equations, which is natural when only boundary data is updated.
Implementation using the finite element method and error estimates suitable
for adaptive methods were given in [5]. In that work it was also shown that the
alternating method for elliptic problems can be interpreted as the minimization
of a certain functional.

The aim of the present study is to show that the alternating method can
be applied also to some two-point boundary value problems for a second-order
operator. Specifically, we study

u’(t) + f(t,u) =0, in I,
u(0) = ¢, (1)

Here, I = [0,T], where T' > 0 is a real number, and f : [ x X — X. We
do not strive after the most general situation nor to have a method that can
be compared with the many advanced numerical methods already presented in
the literature for ordinary differential operators of the form (1). Instead, as
pointed out above, we are interested solely in the alternating method and to
add some more knowledge around this procedure, in particular, to give some
classes of functions f for which the iterative method converges and to give some
f for which there is no convergence. Thus, for simplicity, we concentrate on (1)
when f is a continuous function, and where the space X is R™ or a Hilbert
space; potentially X can be a Banach space. In fact, the main part of this
study is devoted to the linear case when f = Q(t)u with Q(t) = A+ B(t)
being a smooth positive self-adjoint operator on X, and to show convergence
of the alternating method in this case thereby generalizing the similar situation
in [33] to time-dependent operators. One can of course have a higher order
differential operator as well as different type of boundary conditions but we do
not investigate that further here.

There are many applications leading to a model of the form (1), for example,
deflection of cantilever beams under certain load [11], plate deflection theory [2],
confinement of a plasma column using radiation pressure [47], heat transfer in
fins [32], the study of tumour growth [1, 52], cell oxygen uptake [36, 39] and in
modelling the distribution of heat sources in the human head [19, 44| to only
mention a few.

Partly due to its many applications, there is an overwhelming literature on
two-point boundary value problems and it is not within the scope of this study
to give a general overview; instead below we point towards some references
for (1) and within these the reader can find further references.

Existence and uniqueness of a solution to (1) is nontrivial. In the case X =
R™, existence of a solution was settled in [48, 49]. For existence of a solution
when X is a Banach space, see [12, 51, 43]. General references for second-order
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differential equations in Banach spaces are [18, Chapter 2|, [21, Chapter 2
Section 7] and [46, Chapter 5 Section 3.

For general ideas on the numerical solution of (1), see [3, Chapter 11] and [31].
An excellent overview of both theoretical and numerical findings for (1), starting
with the seminal paper of E. Picard [45], is given in the introduction in [14].

Let us then describe the method that we shall use to obtain a numerical ap-
proximation to (1). Following the original paper on the alternating method [33],
the algorithm is:

(i) Make an initial guess 79 of w/(0). Then the first approximation wg is
obtained by solving

ug(t) + f(t,u0) =0, in I,
u(0) = 10-

(ii) Having obtained usgk, the approximation uggyq for k > 0, is obtained by
solving

u’Q’k+1(t) + f(t, u2k-+1) = 0, n I,
g1 (T') = ), (3)
U (T') = iy (T).

(iii) Then ugg4o is obtained by solving

ugk+2(t) + f(t,ugk42) =0, in I,
Ung42(0) = 7, (4)
Usy,,5(0) = ugy;, 4 (0).

The procedure then continues by iterating in the last two steps. Clearly, the
initial value problems solved in each step are well-posed.

As mentioned above, we shall mainly concentrate on the linear case and
in Section 2, we investigate the situation when f(t,u) = Q(t)u, with Q(t) =
A+ B(t) being a self-adjoint linear smooth operator generating a (vector) sine
and cosine function. Convergence of the alternating procedure is shown under a
restriction on the final time 7', see Theorem 2.2. We remark that the conditions
on Q(t) can be relaxed such that @ can be a differential operator on the space X,
thus the results obtained can be applied to time-dependent hyperbolic problems
as well. The results in Section 2 builds on Chapter 5 in [6], where the setting
was R".

To gain more insight and to be able to state a condition that is more easy
to check for convergence of the alternating method, in Section 3 a linear and
scalar equation is examined when X = R and f(¢t,u) = ¢(t)u. It is shown
that provided that the smallest eigenvalue for some two-point boundary value
problems in the interval I is greater than one then the method converges for
0 < Ty < T, see Theorem 3.4. In Section 3.1, we describe a class of functions f
for which the alternating method diverges. In Section 4, we briefly investigate
the nonlinear case. We derive some formulas for the iterates on which a proof of
convergence can be based. However, this needs some monotonicity results for
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the solution and the function f. As is highlighted by a numerical example in
Section 4.1, the alternating method can converge in the nonlinear case without
the iterates being monotonically increasing (decreasing) towards the analytical
solution. Thus, a full proof of the convergence in the nonlinear case seems
intricate and beyond the scope of this study. In Section 4.1, we also suggest and
briefly investigate a modification in the sense of linearization in the alternating
procedure. This modification appears to converge for classes of functions where
the original alternating method diverges. This merit further investigations of
this linearization but it is not pursued here but deferred to future work.

2. THE ALTERNATING PROCEDURE FOR SECOND ORDER LINEAR EQUATIONS
We start by first introducing some notation. The space C(I; X) is the set
of all continuous functions v : I — X and endowed with the usual supremum
norm
= t)l.
oo = max fo(t)
Similarly, C¥(I; X) is the space of k-times differentiable functions with the k-
th derivative being continuous (supremum norm) and k& > 1 an integer. The
spectral radius of an operator () is defined as usual,

r(Q) = sup{|A[; A € o(Q)}.

We are interested in solving (1) in the case when f(¢,u) = Q(t)u. We assume
that

Q(t) = A+ B(b), ()

where A is a linear operator generating a cosine function, i.e. a function c(t)
mapping into the space of bounded operators on X and satisfying c(t + s) +
c(t —s) = c(t)e(s), where t,s > 0, and ¢(0) = I, see further [18, Section 2| for
criteria on A to guarantee existence of such a function c¢(t). Moreover, B(t)
maps into the space of bounded linear operators on X and is twice strongly
continuously differentiable and the domain of B(t) has to contain the domain
of A. Furthermore, Q(¢) is assumed to be self-adjoint and positive. This latter
condition will in particular guarantee that in the case of R”, the initial value
problems used in the alternating method will not be stiff.

We study the linear second-order differential equation with two-point bound-
ary value conditions:

v+ Q(t)u=0, inlI,
u(0) = ©
u(T) =1,

where u € C?([0,T); X) and Q as above; for the boundary data ¢, ¥ € X.

It is known, see [38], that for problem (6) there exists functions S(¢) and
C(t), commonly denoted the (vector) sine and cosine function respectively,
that satisfy

S(0) = C'(0) =0, S'(0) = C(0) = 1.
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Provided that the spectral radius r(C*(T)S'(T)) < 1, then S(T') has an inverse
and the solution to (6) can be given as

u(t) = SH)S(T)~ (% = C(T)p) + C(t)p. (7)

This will be verified in the next section.

For simplicity, we shall assume that X is a Hilbert space mainly to simplify
the use of adjoint operators; most of the derivations can be justified also in a
Banach space.

1. Properties of the sine and cosine functions. The solutions S(t) and
C(t) need not be self-adjoint although Q(¢) is. By C* and S* we mean the
adjoint of C' and S respectively, i.e. the adjoint of C(t) and S(¢) for ¢t € I. For
the sake of completeness we include a proof of the following.

Lemma 1. The solutions S(t) and C(t) to problem (6) satisfy the identities:
SO - SO = 1, )

and
S'(t)C*(t) — C'(t)S*(t) = I. (9)

The elements S*(t) and C*(t) are the adjoint operators of S(t) and C(t), and
1 is the identity.

Proof. Due to the smoothness assumption on ), we can differentiate the left-
hand side of equality (8) to formally obtain

d /% *
LS (0 - 5" ()
Clt)+ 5" ()C'

= S"() ) = S"(H)C(t) = ST ()C"(t) =
= S"MCE) - S (HC"(t) =
= —(Q®SH)CH) + 5" (1)QH)C ()

)
= =SH)QMC[H) + 57 (1)Q(HC(t) =

The equality (8) then follows by formally integrating this using the initial con-
ditions for the S(¢) and C(¢) and their derivatives.
To prove (9), we first show that S*S" and C*C" are self-adjoint We have
d
dt
Again, formally integrating using that S(0) = 0, it follows that S*S" = §™S.
Similarly, one can show that C*C’ = C"™*C.
Define the following operator matrix

_(—C"@) (1)

—(8*9" = §"9) = §*5" — 55 = $*QS — S*QRS = 0.

This matrix is a left inverse of

4= (5% g'(é)))’
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that is BA = I, and this is straightforward to check by formal matrix multipli-
cation using (8) together with S*S" = §*S and C*C’' = C"*C. Thus, B is the
inverse of A and using that therefore BA =1, i.e.

(30 SN (ED S-(Y
gives (9). _

We note that from (11) follows immediately that also SC* and S’C"™* are
self-adjoint, which we state as a separate result.

Lemma 2. The operators SC* and S'C"™* are self-adjoint.

We then verify that provided r(C*(T)S'(T)) < 1 then (7) is a well-defined
solution to (6).

Lemma 3. Assume that r(C*(T)S'(T)) < 1. Then the inverse of S(T) emists.
Proof. This is a standard application of the Neumann series in combination
with the relation (8). Indeed,
k—1 '
(I = CH(M)S'(T)) Y _(CHM)S'(T)Y = (I—(CHT)S(T)"). (12)
=0
Letting k tend to infinity one can conclude, since r(C*(T)S’(T)) < 1, that
(I — C*(T)S'(T)) has an inverse. Applying (8) the result follows. O

2. Convergence of the alternating procedure for (6). The alternating
procedure for problem (6) was given in the introduction. For clarity, we state
the steps again. The element ug satisfies the initial value problem

uly + Q(t)ugr =0, in I,
UQk(O) = ¥, (13)
Uék(O) = u/2k—1(0)7

where u((0) = 7 is arbitrary. The solution to this problem is given by

uak(t) = S(t)iy_1(0) + C(t)e. (14)
The element usg1 is constructed as the solution to

Uy + Q) uzk1 =0, in I,

ugk1(T) = 9, (15)
u/2k+1 (T) = ul2k(T)’

with solution
ugk+1(t) = (S()C™(T)=C(t)S™(T))ugye (T)+(C(£)S™(T) =S () C™(T))¢. (16)

To verify that this indeed is a solution one can use that SC* and S'C’™* are
self-adjoint according to Lemma 2 together with (8)-(9).

We shall then establish convergence of the alternating algorithm (convergence
was shown in [33] for time-independent operators).
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Theorem 1. Let u be a solution to problem (6) and let C(t) and S(t) be the fun-
damental cosine and sine solutions to this problem. Let ug be the k-th approz-
imate solution generated by the alternating procedure. If r(C*(T)S'(T)) < 1,
where v is the spectral radius, then
lugk — ufloo < C16*

and

lugk i1 — ulloo < Cad",
where Cy and Cy are positive constants and 6 € (r(C*(T)S'(T)),1).

Proof. The solution ugg41 to (15) is given by (16) and this gives
ugr1(t) = (SECH(T) = C(t)S™(T))ug (T) +
+HC)S™(T) = SHC™(T))yp = (17)
= Z1(t)ug,(T) + Z2(t)0.

In particular, calculating u), ,(0) and using that the solution to (13) is given
by (14) tedious but straightforward calculations show that

k—1
ug(t) = S(t) Z(C*(T)S'(T))j CH(T)(C(T)p — ) +
. (18)
+S(6)(CH(T)S"(T))*n + C(t)p.
Using this expression in (17) one derives
ugk1(t) = Z1(8)S"™(T)(CH(T)S"(T))"n +
k—1
+Z1(8)S™(T) Y (CH(T)S"(T))'C™(T)(C(T)p — ) +
j=0
+Z1(t)C™(T)p + Za(t)1).
Similar to the proof of Lemma 3 it follows from identity (8) that
k—1
Y (CHDS(T) = (I -CHDT)S(T)" (I - (CHT)S'(T)") =
=0
(19)

= S7THT)CH(T)HI = (CH(T)S"(T)").
Employing this in (18) one obtains
ugk(t) = SO — (CH(T)S'(T))")SHT)C™(T) " C™(T)(C(T)p — ¥) +
+S(t)(C*(T)S'(T))*n + C(t)p =
= SE)(CH(T)S"(T)"(n = S™HT)C(T)p — ) +

+S()STHTNC(T)p —¥) + C(t)p.

Similarly, using (19) in (17)

ugk1(t) = Zi(O)ST(T)CHT)S' (1)) — STHT)C(T)p — ) +
+S()S™HT)(C(T)p —¥) + C(t).
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Next, from Lemma 3 the element S~!(T') exists and thus the solution to prob-
lem (6) is given by (7). Using this, we finally have
uzk(t) — u(t) = S()(C*(T)S'(T))*(n — u'(0))

and similarly

uzk1(t) — ul(t) = Z1()ST(T)(C*(T)S'(T))*(n — u'(0)).
Taking norms and making use of the identity

r(Q) = limsup | Q“|I'/*, (20)
k—o0

we get

luzk — ulloe < 1SllsoI(CH(T)S'(T))*lIn — u' (0)]] < C16*
and

luzkr1 = ulloe < 1Z1lloo ST (T)IICH(T)S'(T)) [l — ' (0)]] < Cad®,

where § € (r(C*(T)S'(T)),1). Thus, the result follows. O

Remark 1. One can relax the conditions on the operator Q@ = A + B(t). In
fact, one can impose conditions such that B(t) can be a differential operator
and thus the problem studied can model for example the Dirichlet problem for
a hyperbolic equation, see [37]. This then generalizes the results in [33] for
the Dirichlet problem for hyperbolic operators to include time-dependent co-
efficients. Note though that the Dirichlet problem for the hyperbolic problem
has only a unique solution when 7' is irrational, see [20]. Note also that gener-
alizing to include equations with a term V (¢)u’ is considerable more difficult in
the Banach space setting, see [18, Chapter §|.

Remark 2. Consider the partial differential operator
Au+ f(u) =0 in Q

supplied with Dirichlet boundary conditions, where ) is an annular smooth
domain in R™. Searching for a radial solution, u(r), leads to the equation

— L)+ fu(r) = 0.

U”(T’) _|_ n

2—

Substituting s = r*~" gives

u’(s) + p(s) f(u(s)) =0,
with boundary conditions u(s1) = ¢ and u(s2) = v, see further [34]. Thus,
with f of the above form, the results also apply to problems for the Laplace
equation. Nonlinear functions f will be discussed in Section 4, thus the al-

ternating method could potentially be applied to semi-linear problems for the
Laplace operator.

3. A SCALAR EQUATION
The results in the previous section are in an abstract setting and as remarked
at the end of the previous section the operator Q(¢) could even in fact be a
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partial differential operator. Since the present study has as one of its aims to
study the alternating method for ordinary differential equations, we simplify in
this section and replace Q(t) by ¢2(t), where q(t) is a scalar real-valued function
and X =R, and study a classical scalar second-order two point boundary value
problem,

"+ @ (t)u=0, in I,

u(0) = o, (21)

u(T) =,
where ¢ € C(0,7). The condition for convergence of the alternating method
stated in Lemma 1 is in the case of (21) reduced to |¢(T)s'(T')| <1, where ¢ and
s are the usual fundamental solutions. To give conditions on the function ¢ and
final time 7' for which this condition is satisfied, we shall need the following two
lemmas below. These essentially follow from classical comparison theorems for

Sturm-Liouville operators; for completeness we give the proofs. For an overview
of history and results on Sturm-Liouville comparison theory, see [15, 17, 50].

Lemma 4. Let a,b € C[0,T], and let y be a nontrivial solution of
y'+a*(t)y =0,
y'(0) = 0.
Suppose that y has its first positive zero at t = T, and let z be a nontrivial
solution of the equation

2+ b2 (t)z =0,
Z(0) =0,

with b*(t) > a?(t) on (0,T). Then there exists T with 0 < 7 < T, such that

z(1) = 0.

Proof. Without loss of generality we can assume that y(0) = 1. Therefore, by
the assumption that y has no zeros in 0 < t < T, we find that y is positive
on this interval. Using the governing equation, it follows that ¢’ is decreasing
on (0,7). Assume then that z has no zeros in (0,7, for instance, that z is
positive on (0,7). Let w = ¢’z — y2’; then w(0) = 0 and using y(T) = 0 gives
w(T) =y (T)z(T) < 0 since y' is decreasing and z is positive. However,

w’:y”z—l—y'z'—y'z’—yz":yz(bQ—GQ) > 0,

which is a contradiction. )
Similarly, one can show a result about zeros of the derivative.

Lemma 5. Let a,b € C[0,T], and let y be a nontrivial solution of

{ V' +a(t)y =0,
y(0) = 0.

Suppose that y' has its first positive zero at t =T, and let z be a solution of

2+ b3 (t)z = 0,
{ z(0) =0,
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with b2(t) > a®(t) on (0,T). Then there exists T with 0 < 7 < T, such that
Z/(1)=0.

Proof. We can assume that y'(0) = 1, and since by assumption 3’ does not have
any zero on (0,7") one can conclude that y is positive on (0,7"). Assume that
2’ has no zeros in (0,7T), for instance, that 2’ is positive on (0,7'). This gives
that z is positive on (0,7) since z(0) = 0. Let w = y'z — y2’, then w(0) = 0
and using that y/(T) = 0 together with the positiveness of y and 2z’ imply
w(T) = —y(T)2(T) < 0. However,

w = y”z+y'z' _ylzl _yzu — yz(b2 _ a2) > 0,

which is a contradiction. a

To derive properties of the fundamental solutions ¢ and s, we shall use the
above lemmas together with the following two eigenvalue problems to compare
zeros of the solutions. Let Apn be the first eigenvalue of the following problem™

u” + Ag*(t)u =0, in I,
u(0) =0, (22)
u'(T) =0,

and let Axp be the first eigenvalue of the problem’

u’ + A (t)u =0, in I,
W' (0) = 0, (23)
u(T) = 0.

Lemma 6. Let Apy and Anp be defined as above. If 1 < min{Apn,AnD},
then the alternating procedure converges on every interval [0,T1], 0 < Ty <T.

Proof. The fundamental solution ¢(t) satisfies ¢(0) = 1 and ¢/(0) = 0. Clearly,
from the governing equation for this function, ¢/(¢) is non-positive on the in-
terval (0,7) implying that ¢(¢) is decreasing on this interval. Suppose that
c(T1) = 0 for some 0 < T} < T. Then, from Lemma 4 with T = Ty and a? = ¢°
and b* = Aypgq?, we conclude that the solution to (23) is zero for ¢t = 7 with
0 <7 < Ti. However, then the eigenfunction solution to (23) would be identi-
cally zero, which is a contradiction. Therefore, we find that ¢(¢) do no change
sign on [0,77] and we can conclude that 0 < ¢(t) < 1 on [0,7}]. A similar con-
clusion can be made using Lemma 5 for s'(t), and therefore 0 < ¢(t)s'(t) < 1
on [0,71]. Thus, the condition for convergence in Theorem 1 is satisfied. O

It is then possible to state a convergence result for the alternating method
involving a condition on the coefficient ¢ and the final time 7.

Theorem 2. If T < (2maxo<;<7 |q(t)|)"I7, then the alternating procedure
converges as a geometric progression on the interval (0,7T).

*The subscript DN refers to a Dirichlet condition at ¢ = 0 and a Neumann condition at
t="T.

TThe subscript N D refers to a Neumann condition at ¢ = 0 and a Dirichlet condition at
t="1T.
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Proof. Put a®(t) = ¢*(t) and b*(t) = maxo<;<7 ¢*(t) = M?. Once can check
that 1 < min{Apn, Anp} in the interval [0, 7], where T7 < w/2M. Thus, the
conclusion follows from Lemma 6. O

3. Non-convergence for the alternating method. As mentioned in the
introduction, we are interested in a class of equations for which the alternating
method do not converge. Guided by the results in the previous section, we can
then give such a class of equations.

Consider the following problem:

" — ¢*(t)u=0, in I,
= 0

where ¢ € C[0,T]. Let ¢ and s be the fundamental solutions corresponding to
this equation. Examining the proof of Theorem 1 it is clear that the alternating
method do not converge if |s'(T)e(T)| > 1. We adjust T, if necessary, such that
c and s do not have any zeros for 0 < t < 7. We shall then show that
|s'(T)e(T)| > 1 holds for the fundamental solutions to (24).

Proposition 1. Let ¢ and t be the fundamental solutions corresponding to the
equation (24). Then |s'(T)c(T)| > 1.

Proof. Since T is chosen such that ¢ and s do not have any zerosin 0 < t < T and
since ¢(0) = 1 we conclude that ¢ is positive on (0, 7). Hence, it follows from the
equation (24) that ¢’ is positive, which implies that ¢ is increasing on (0, 7).
Thus, ¢(T) > ¢(0) = 1. In similar way, one can show that s'(T) > §'(0) = 1.
O

Therefore, since |s'(T)c(T)| > 1, we can conclude that the alternating method
applied to (24) will not converge.

4. NONLINEAR OPERATORS
In this section we shall investigate the nonlinear case

u’(t) + f(u(t)) =0, in I,
=% )

For simplicity, we assume that u takes values in R. We shall further assume that
there exists a unique solution to problem (25). The existence and uniqueness of
a solution is a nontrivial matter, and there are plenty of results and conditions
in the literature. A good place to start is Chapter 1 in [9]. From that chapter
it follows that under a Lipschitz condition on f there exists a time-interval
where existence and uniqueness of a solution to (25) holds. Note that only
assuming that f is continuous and positive will not guarantee uniqueness, for
counterexamples, see [22].

We shall write down the solution to each of the first four steps in the alter-
nating method to be able to derive some general expressions for the generated
elements n; and (.
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To generate an initial guess for the alternating method, let

V() =0, in I,

v(0) = ¢, (26)
o(T) =,
that is
T—t

Then define 9 = v/(0) = %(¢) — ¢). With this initial guess, the first approxi-
mation wug in the alternating procedure is given by

ug(t) + f(uo(t)) =0, in I,
up(0) = o, (27)
U{J(O) = o,

with formal solution

i) = +tm— [ (=) suotrdr = Lo o= [ sun(r) an

where in the last equality the expression for the element 1y was used. The
derivative of ug at t = T is calculated from this as

w(®) = 50 =)= [ flulr)) ar
giving .
G = u(T) = 56 =) = [ fualr))dr

The next approximation u; is found from

ui(t) + f(ui(t)) =0, in I,
u(T) =, (28)
ull(T) = <17

with solution

T
ul(t):¢+(t—T)§1+/t (t —7)f(ur(7)) dr.

Inserting the expression for (i,

— T T
w®) = v+ =) = =7 [ S dr+ [ (=) dr

From this, the derivative of u; at zero is

(0 = ;-0 - [ (o) — Flus (7))
N2 = Uy - T 2 0 0 1 .
Then uo is constructed as the solution to

uy(t) + f(uz(t)) =0, in I,
u2(0) = ¢, (29)
uy(0) = 12,
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and formally
us(t) = @+t /0 (t =7)f(uz(7)) dr =
+ T
= ot =)=t [ () = () dr -

- / (t = 1) f(us(r)) dr.
0

Calculating the derivative at t =T we obtain

1 T
G =up(T) = 5( =) = /O (f(uo(7)) = fur(7)) + flua(7)))dr. (30
Then wsg is constructed,

us(t) + f(us(t)) =0, in I,
Y, (31)

having the solution

T
w(®) =0+ ¢ =)o+ [ (¢~ 1) flus(r) dr
¢
or by using the expression for (3,
us (t) = ’lﬁ"i‘

T
=) (30— 9= [ ) - fn() + fluatr)ar )+
T
+ /t (t —7)f(us(7))dr.

From this expression, we have the derivative

M= (0) = (0 — o)

T
— [ G an(r)) = £ () + Sualr) ~ Sua(r)) dr).

Note that (30) and (32) justifies the term alternating method, since the sign
appear to alternate with each iteration.
We further observe that

T
G- = /0 (Flus(r)) — f(ua(r))) dr

(32)

and
T
n— = /0 (Flus(r)) — f(us(r) dr.

Continuing by iterating in the last two steps, a simple induction step reveals,
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Proposition 2. Let {na}32, and {(or+1}32, be generated from the alternating
procedure. Then

T
Nok42 — M2k = /0 (f(uary1(7)) — f(uar(r))) dr
and

T
Cok43 — Copt1 = /0 (f(u2ry1(7)) — f(ugrr2(7))) dr.

Now, note that if f was a positive increasing function and if the approxi-
mations uy generated by the alternating method satsfied ug1 > ug, then one
can conclude that {n} will be an increasing sequence and {(ox} a decreas-
ing sequence. Thus, provided these could be bounded from above and below,
one could establish a convergence proof. Another possibility is that the odd
approximations {ugxy1} are all above each of the even approximations {ugg}.

However, it appears rather difficult to find conditions on the function f and
the final time 7" to have such conditions satisfied. In fact, in the next section, we
shall take a rather simple function f and show numerically that the sequences
{m2r} and {Cox} do not need to be monotone, and still there appears to be
convergence.

4. A numerical example for a nonlinear problem. Let

u’(t) + 3sin(2u(t)) =0, in I,
u(0) =0, (33)
u(T) = 1.

1

Here, f(u) = 5sin(2u(t)) is Lipschitz with constant L = 1. Hence, from [9, p.
5] there is a unique solution to (33) for 7' < 2v/2. In fact, we assume that psi
is chosen such that we have the following explicit expression for the solution,
2t
et —1

t) = in ———.
u(t) = arcsin 1

(34)

The initial guess is constructed as in the previous section. The initial value
problems needed to be solved in each iteration step of the alternating proce-
dure are solved with the Matlab function ODE45 (Matlab version R2013b on a
computer with Windows 8.2 and an Intel(R) Core(TM) i3-3217U Central Unit
Processor (CPU) at 1.8GHz).

In Fig. 1(a) we present the results obtained after 8 iterations (that is uy
is the final approximation; the corresponding value for k for the solution wuoy
and wuggy1, respectively, is marked out on each approximation) obtained with
T = 1.6 and 1 generated from (34). As can be seen from this figure there is
convergence towards the solution to (33). Moreover, a monotone behaviour of
the approximations, expected due to Proposition 2, is present. In fact, with
these solutions together with the function f and Proposition 2, the sequences
Nk and (x should both be positive and decreasing. This has been checked for
and is the case in the numerical simulations.

Increasing T there is convergence of the similar kind up to about 7' = 1.8,
where the method starts to become slower and eventually does not converge.
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Choosing instead T' = 2.8 and taking ¢ = 0.5, one can see that monotonicity
is no longer present in the sense that some even iterates woy intersects some
odd iterates ugp1; this is shown in Fig. 1(b). In this case, we used the
Matlab function bvpc4 to generate an approximation to the solution to (33) to
test convergence against with ¢ = 0.5 formula (34) does not give the sought
solution.

One can also change sign of the function f and run the procedure with —f.
This causes problems with the alternating method and only for small values of
T there seems to be convergence. For example, the method diverges for 7'=1
and ¢ = 1 as is highlighted in Fig. 2(a). Note that changing sign was shown
in the linear case in Section 3.1 to generate non-convergent sequences in the
alternating procedure.

We remark that we have also tried a linearization in the alternating method
in the sense that f is instead evaluated on the solution from the previous
step. This new linearized procedure does not give any significant improvement
for (33). However, changing to — f this linearized procedure appears to converge
for T'=1 and ¢ = 1 as shown in Fig. 2(b).

a) T'=1.6 and ¢ = u(1.6), b) T =28 and ¢ =0.5
u from (4.34)

FiG. 1. The solutions ugy (---) and uak+1 (- - ), and the analytical
solution u (—) for various 7" and .

5. CONCLUSION

The alternating method [33] was investigated for two-point boundary value
problems for second order time-dependent differential operators. Convergence
was established in the linear case extending [33] to the time-dependent case
with the operators taking values in a Hilbert space (potentially the similar
analysis can be carried over to the Banach space setting). In the scalar case, a
criteria involving the coefficients of the operator and the final time were given
to guarantee convergence. It was also shown that changing sign of a term in
the differential operator generates equations for which the alternating method
does not converge. Moreover, for nonlinear operators, expressions were derived
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PSfrag replacements S O 1 ; ; ; 1 i PSrag replacements
1

0 o1 02 03 04 05 06 07 08 09 ) 1

a) T'=1and ¢ =1 with —f(u) b) T =1, ¢ =1 with — f(u) and
linearization

Fi1G. 2. The solutions ugy (- --) and ugg+1 (---), and the analytical
solution u (—) for various T" and .

on which a proof of convergence can potentially be obtained. However, as was
highlighted by numerical examples, to pin-point precise criteria on the operator
and final time to have a proof of convergence also in the nonlinear case seem
difficult. A linearization was suggested such that linear differential equations
were solved at each iteration step and this linearization turned out to converge
in some cases where the orignal alternating method did not converge. This
merits further investigations and is deferred to future work.
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11.
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