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Abstract

For terminal value problems of fractional differential equations of order « € (0, 1) that use
Caputo derivatives, shooting methods are a well developed and investigated approach. Based
on recently established analytic properties of such problems, we develop a new technique to
select the required initial values that solves such shooting problems quickly and accurately.
Numerical experiments indicate that this new proportional secting technique converges very
quickly and accurately to the solution. Run time measurements indicate a speedup factor of
between 4 and 10 when compared to the standard bisection method.
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1 Introduction and Motivation

Differential equations of fractional (i.e., non-integer) order [6] are an object of great current
interest. They are useful tools for modeling various phenomena in science and engineering,
see, e.g., [1, 2, 27-29]. These problems typically have the form

DIy(t) = ft.y®),  y(@) = o, (1.1)

where o € (0, 1) is the order of the differential operator. Note that o > 1 arises only rarely
in applications and this case will not be discussed here. In Eq. (1.1), f : [a,b] x R - R
is a given function and yy € R describes the initial state of the modeled system at t = a.
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The differential operator DS in Eq. (1.1) is the Caputo differential operator of order o with
starting point a € R as defined by [6, Definition 3.2], namely

1 d

by =ri—oa

t

[a=97 06 - yanas (12)
a
for ¢t € [a, b] and sufficiently smooth functions y : [a, b] — R.

InEgs. (1.1) and (1.2), the starting point a plays a special role as the start of the process that
is being studied. A typical application from mechanics is an object made from viscoelastic
material under external loads that is still in its virgin state for < a and to which forces are
only applied for > a. Here problem (1.1) is an initial value problem as y(a) = yy is the
state of the process at the initial time # = a and we are interested in finding y(¢) for ¢t € [a, b]
and some given time b > a.

From the analytical viewpoint such initial value problems are well understood, see e.g.,
[6, Chapters 6 and 7]. Many numerical methods have been proposed and investigated; cf.,
e.g., [23]. However, from the modeling perspective, these methods often are of limited use
because they hinge on the exact state of the process at the initial time ¢ = a and this may be
impossible to determine in actual applications. If one can only measure the value of y(b) for
some b > a but not at ¢ itself, this leads to

Dgy@®) = f(t.y@®),  yb) =y (1.3)

Then we are tasked to solve (1.3) on the interval [a, c] where a is the starting time of the
process and ¢ > b. This can be done in two steps:

— Solve the problem on the interval [a, b]. Since b in Eq. (1.3) denotes the interval’s end
point, this is a terminal value problem.

— With the solution known on the entire interval [a, b], the value of y at the initial point a
is known as yo = y(a). Therefore we can replace the terminal condition y(b) = y* in
Eq. (1.3) by the initial condition y(a) = yo. This converts the original problem into the
classical initial value problem (1.1) that can now be solved on the entire interval [a, c].

As indicated above, the second step of this process has a well understood structure and can
be handled by standard methods. Therefore it does not require any special attention. Hence
we focus only on the first step in this work.

2 Analytic Properties of Terminal Value Problems

Here we provide the basis for our numerical work with terminal value problems for fractional
differential equations and recall some of their known analytical properties.

Conditions for well posed-ness have been discussed and partially established in [5, 8]. A
complete analysis is in [3], with additional aspects presented in [9, 14]. For our work here,
we shall specifically use the following result that is an immediate consequence of a statement
by Cong and Tuan regarding initial value problems [3, Theorem 3.5]. It follows the classical
set-up in assuming that the function f in Eq. (1.3) is continuous on [a, b] x R, maps into R
and satisfies a Lipschitz condition with respect to the second variable.

Theorem 2.1 Let f : [a, b] x R — R be continuous and satisfy the Lipschitz condition with
respect to the second variable

Lf @, x1) — f(t, x2)| = L@)|x1 — x2f 2.1
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forallt € [a, b] with some function L € Cla, b]. Then, for any terminal value y* € R the
terminal value problem (1.3) has a unique solution y in Cla, b].

Remark 2.1 When talking about initial value problems, it is common practice to discuss not
only scalar but multidimensional problems, i.e. to assume that the function f on the right-
hand side of the differential equation maps from [a, b] X RY to RY with some d > 1. In
the initial value problem setting, this generalization does not introduce any difficulties as far
as the existence and the uniqueness of solutions are concerned. However, if terminal value
problems are addressed as we are doing here, the situation is significantly different. To be
precise, in Cong and Tuan [3] it was shown that well-posedness of terminal value problems in
general only occurs for d = 1; with a counterexample for d > 1 given in Cong and Tuan [3,
Section 6]. This counterexample demonstrated that multiple solutions can arise whend > 1.
Therefore we only consider the scalar case d = 1 here.

A classical technique for investigating analytical properties of initial value problems for
differential equations is to rewrite the given problem in the form of an equivalent integral
equation. This can be done in the fractional case in exactly the same way as in the classical case
of first order problems, see, e.g., [6, Lemma 6.2] and results in a Volterra integral equation.
But for terminal value problems of fractional differential equations this changes significantly.
When rewriting our fractional derivative problem in form of an integral equation, the resulting
integral equation will be of Fredholm type, not Volterra type [6, Theorem 6.18]. In first order
differential equations, Fredholm integral equations may arise as well, but in connection with
boundary value problems and not with initial value problems. Therefore we shall employ
techniques that are based on principles used for boundary value problems of integer order
initial value problems. Specifically, shooting methods, see Keller [24], are the foundation of
the numerical methods that we suggest for solving fractional terminal value problems.

To describe our method, we need further analytic prerequisites. An important concept is
the one-parameter Mittag-Leffler function E, : C — C defined for Rea > 0 as

S k

Z
Ey(z) = Z m,

k=0

see [20]. For « values that are relevant in our setting we exploit the following:

Lemma 2.1 For all « € (0, 1), the function E, is analytic. Moreover, for these o and all
z € Rwe have Ey(z) > 0 and E,(z) is strictly increasing in z € R.

Proof The analyticity of E, follows from [20, Proposition 3.1]. The inequality E4(z) > Ois
trivial for z > 0 since Euler’s Gamma function satisfies I"(w) > 0 for all w > 0. For z < 0
the inequality is a consequence of the properties discussed in [20, Subsection 3.7.2] and the
strict monotonicity follows from the properties shown in [20, Subsection 3.7.2] as well. O

To become familiar with the nature of our numerical method, it is essential to understand
further properties of initial value problems for fractional differential equations. Specifically,
we mention the following: Given two solutions of the same fractional differential equation
on the same interval, but starting from two different initial values, what are the differences
between these two solutions on this interval? Upper bounds for the differences are directly
available by standard classical Gronwall type arguments. For our purposes, however, we also
need lower bounds, about which much less is known. First we explain our result for a linear
differential equation. This is very simple but immediately gives us important insights.
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Theorem 2.2 Let £ € Cla, b] be given, and let y| and y,, respectively, be the solutions of
the initial value problems

Dgye(t) =LMye(®),  yila) =yor (k=12)
with yo.1 > y0,2. Then, forall t € [a, b],
(0,1 = ¥02) Ea (Li () (t — a)®) < yi1(1) — y2(t) < (o1 — Y0, 2) E« (" (1) (t — @)®)
(2.2)
where £,(t) = mingepq,¢] £(s) and £*(t) = maxse[a,r £(s).

Proof The upper bound has been derived in Diethelm and Tuan [13, Theorem 5] and the
lower bound is shown in Diethelm and Tuan [13, Theorem 4]. O

In the general (nonlinear) case the result is more involved but the essential properties of
the linear case remain intact.

Theorem 2.3 Assume that f satisfies the hypotheses of Theorem 2.1. Let y| and y;, respec-
tively, be the solutions of the initial value problems

Dyye(t) = f(t,ye (),  wi(@)=yor (k=1,2)
where yo.1 > yo.2. Then, for allt € [a, b] we have
(0.1 = 02) E« (L)t — a)®) < y1(t) — y2(t) < (vo,1 — Y0.2) E« (T*(1)(t — a)®)

(2.3)
where
i = inf fls,y+y1(5)) — f(s, y1(s)) - (2.42)
s€la,t],y#0 y
and
@6 =  sup f(s,y+y1(8) — f(s,y1(5)) > (2.4b)
s€la,t],y#0 y
Proof This is the result of Diethelm and Tuan [13, Theorem 7]. ]

Theorem 2.3 can be applied to the linear case of Theorem 2.2. In this situation, the functions
£, and £* of Theorem 2.2 coincide with the functions 57* and 57*, respectively, of Theorem 2.3.

We use the notation 8 ~ y for expressions 8 and y that depend on the same quantities
to denote that there exist absolute constants C; > 0 and Cy > Osuch that C18 <y < (18
for all admissible values of the quantities that 8 and y depend on. With this notation and
the findings of Lemma 2.1, we can summarize the statements of Theorems 2.2 and 2.3 more
compactly.

Corollary 2.1 Under the assumptions of Theorem 2.2 or Theorem 2.3 and for any yo;1 >
y0.2 € R we have

cx (Yo,1 — ¥0.2) < y1(B) — y2(b) < ¢* (0.1 — ¥0.2) (2.5)

where
o = Eq(@ub)(b —@)*) and " = Eo(F*(b)(b — a)*) (2.6)
for the functions 0, and &* of (2.4). Since ¢* > ¢, > 0 by (2.6), we can rewrite Eq. (2.5) as
y1(b) = y2(b) ~ yo.1 — yo.2. (2.7)
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This observation is the foundation for our numerical method in Sect. 3.4.
For later reference, we note a few more facts:

Remark 2.2 In general, we cannot expect that the ratio

P y1(b) — y2(b)
S Yo=Y
i.e. the proportionality factor between the terminal and the initial value of the solution to a
problem, is known exactly. However, from Eq. (2.5), we know that ¢ is bounded above by ¢*
and below by ¢, given in (2.6). As long as no additional information is available to obtain
a more precise approximate value for ¢, one may use the mean of the upper and the lower
bound, i.e. the approximation

cy +c*
2

C A

2.8)

To compute this value from (2.6), we need to evaluate the quantities . (b) and o+ (b) as
defined in Eq. (2.4). If an approximate solution y to the differential equation in question is
known at least for some grid pointsa = 1o < t] < fp < ... < ty = b, one may select a step
size H > 0 and an integer M > 0 and approximate these upper and lower bounds by
f@i, kH 4 3(t) — f(t;, 3(t;))
kH '
je{0,1,2,...,N},ke{:tl,j:Z,.‘.,j:M}} (2.9a)

7.(b) ~ min [

and

f@j, kH + () — f(tj, y(t;))
kH '
jef{0,1,2,..., N}, ke {il,iz,...,iM}], (2.9b)

7%(b) ~ max {

respectively. Then we obtain ¢ from these approximate values instead of the exact values
£,(b) and £* (D).

Remark 2.3 Estimating the proportionality factor ¢ as indicated in Remark 2.2 is quite useful
when the differential equation in Eq. (1.3) is dissipative, i.e. when ( f (¢, y1) — f (¢, y2))(y1 —
y2) < Oforallt € [a,b] and all y;, y» € R. In this case, Eq. (2.4) implies that Z*(t) <
o+ (t) < O for all . And due to the monotonicity of the Mittag-Leffler function E, (see
Lemma 2.1), we obtain

0 < cx = Eq(Ui(b)(b — a)*) < ¢* = Eq(£*(b)(b — a)*) < Eq(0) = 1.

Therefore, the interval [cy, ¢*] in which the correct value of ¢ must lie is quite small. By
choosing this interval’s midpoint as starting point we only make a small error.

If, on the other hand, the differential equation is not dissipative then ¢* may be very much
larger than c,, and the strategy described in Remark 2.2 may lead to an estimate for ¢ that is
very far away from the correct value.

In Sect.5 we work through example problems for either case.

Remark 2.4 Following Remark 2.3 we suggest yet another method for approximating ¢:
Analyze the given differential equation and see whether the approach of Remark 2.2 is
appropriate (i.e., whether this does not lead to an excessively large value for ¢). If Remark 2.2
does not yield a useful ¢ value, choose a smaller one. More precisely:
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1. Approximately compute the values £, (b) and £*(b) as indicated in Remark 2.2.

2. If £,(b) < £*(b) < O then there is no danger of obtaining extremely large values for c,
or ¢*. Thus proceed as suggested in Remark 2.2.

3. If £,(b) <0 < €*(b) then ¢, < 1, but ¢* may be very much larger than 1. To dampen
the possible overestimation that ¢* might induce, ignore the precise value of ¢* and set
c=1.

4. If 0 < Z*(b) < Z*(b) then ¢* > ¢, > 1. Again, to mitigate an overestimation, use the
lower bound of the interval [c, ¢*] as an estimate for &, i.e. set ¢ = Ey(£4(b)(b — a)%)
as suggested by the first relation in Eq. (2.6).

3 Description of the Method
3.1 General Framework

As indicated in Sect. 2, the essential characteristics of problem (1.3) are identical to those of
classical boundary value problems and our approach involves shooting methods [24] which
are a well established technique for boundary value problems. The basic steps of general
shooting methods are as follows:

1. Set k = 0. Given problem (1.3), make an initial guess iéo) for the value y(a).

2. Numerically compute the solution y; of the differential equation (1.3) for the initial
condition yi(a) = yé’”. Ignore the terminal condition in (1.3) in this process.

3. Compare the computed solution y, (b) with the desired solution y* at point b:

(a) If yx () is sufficiently close to the desired solution y*, accept yx as the numerical
solution of the given terminal value problem (1.3) and stop.

(b) Otherwise, iterate from k to k + 1 and construct a new improved guess y(()kﬂ) for the
starting value y(a). Go back to step 2.

These simple components of shooting methods will be specified more precisely in the sub-
sequent subsections. The overarching concern here is to keep the chosen shooting algorithm’s
computational complexity low. The computational cost of shooting algorithms is reflected in
the number of operations required per iteration step, multiplied by the number of iterations
needed to achieve satisfactory accuracy.

3.2 Selecting the Initial Guess 17((,0) fory(a)

Unless specific information about the given fractional ODE problem is available that suggests
otherwise, we choose )7(()0) = y* as our initial guess for y(a) required in step 1., i.e., we use
the desired terminal value as a first guess for our initial value.

Itis often assumed that a good choice of an initial guess at a leads to quick convergence with
acceptable accuracy at b, while a poorly chosen initial guess might require more iterations,
thus leading to a significantly higher overall computational cost. The examples in Sect.5,
however, indicate otherwise. In every test example that we have considered, satisfactory
accuracy was achieved with very few iterations with our method, no matter how close the
starting guess at a was to the exact solution.
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3.3 Numerically Solving a Fractional ODE Initial Value Problem

Algorithms that compute the solution of an (artificially constructed) initial value problem in
step 2. have been discussed by Ford et al. [14], showing that the fractional Adams-Bashforth-
Moulton (ABM) method [10, 11] is a good choice for non-stiff ODEs. However, for stiff
differential equations or when the interval [a, b] is very large, the stability properties of
ABM may be insufficient [16] and one should use an implicit linear multistep method such
as the fractional trapezoidal method [18] or a fractional backward differentiation formula
[25, 26]. For our examples in Sect.5, we present the results obtained with both alternative
methods for comparison. There we use a uniform discretization of the basis interval [a, b]
by choosing an integer N > 1 and equally spaced grid points ¢; = a + jh for the step size
h = (b —a)/N. This allows us to use FFT techniques and obtain a fast implementation, see
[19, 21]. Using the FFT to compute the numerical solution on [a, b] takes O (N (log N )2)
operations instead of O (N?) operations for the standard implementation.

Solutions to fractional differential equations of the type considered here are almost never
differentiable at their initial point a, see Diethelm [6, Theorem 6.26]. This adversely affects
the convergence rate for many numerical methods such as the ABM method, see Diethelm et
al. [11]. To improve convergence, one could replace a uniform mesh by a graded one, see Zhou
and Stynes [30]. Or one could use a non-polynomial collocation scheme that was suggested,
analyzed and tested in Ford et al. [15]. Such techniques will lead to faster convergence and can
reach the required accuracy with larger step sizes and lower the overall computational effort.
But these ideas cannot be easily combined with the FFT technique and consequently their
numerical schemes become more costly overall. We shall not pursue these latter approaches
any further.

3.4 Improved Subsequent Guesses for the Initial Values

The major contribution of our work is a new efficient method for guessing the initial values
y(a) that hits y* = y(b) more and more accurately. Traditional approaches [5, 7, 15] use
classical bisection that halves the size of the containment interval for the “correct” choice of
y(a) in each step. Clearly bisection is convergent, but it takes a large number of iterations to
arrive in a sufficiently small neighbourhood of the exact solution if the size of the containment
interval is large such as 107 units wide. Note that ten interval halving steps reduce the error
of the initial value location only by a factor of about 103 since 2! & 1,000 and it would take
40 guess iterations to reduce this error to a reasonable 107>, We suggest a different method
that converges much faster. Section5 compares the new approach with classical bisection
based methods.

Like the classical bisection method, our approach also requires two initial guesses for
the initial values )7(()0) and )7(()1). For %0) we always choose i(()o) := y*, the given terminal
value. The next guess for a starting value and all subsequent guesses are chosen according
to Theorems 2.2 and 2.3 and the fact that any two solution curves of a given fractional ODE
with different initial values cannot cross each other. Hence, two solution curves for different
starting values yop,1 > 0,2 can either spread out or bunch up further over the time interval
[a, b]. By Corollary 2.1, the proportion of two solution values yj and yJ obtained for t = b
and their starting values yo 1 and yo 2 at # = a indicates how to space the initial values until
we find a starting value yj; that reaches the desired final value y* within a chosen error bound.

As long as only one initial guess ﬁéo) is available, i.e., when the next guess )7(()1) has
not yet been computed, we assume—due to a lack of any information that might suggest
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otherwise—that the proportionality factor ¢ between the terminal values (i.e. the function
values of the solution at# = b) and the initial values (the corresponding values for t = a), see
Remark 2.2, is given by Eq. (2.8). The values of ¢, and ¢* in this formula are then replaced
by their approximations indicated in Eq. (2.9). According to Remark 2.2, our next guess for
the initial value becomes

D ._ <0 Y = o)
y(()):zy(())—l— = .

3.1
i(()l) is equal to the previous guess }(()O) if and only if the latter has resulted in the exact
solution, i.e., if and only if yo(b) = y* and the problem has been solved.

Remark 3.1 Note that evaluating the formulas in (2.9) requires knowledge of an approximate
solution to the given differential equation for some initial condition. At this stage, such
information is already available because we have computed a "solution’ using the first guess
y(()o) as initial value.

Remark 3.2 — The approach described in Remark 2.2 to compute the value ¢ requires the
evaluation of the Mittag-Leffler function E,, cf. Eq. (2.6). For this purpose, we suggest
to use the algorithm developed in [17].

— In case of a non-dissipative fractional differential equation, we have seen in Remark 2.3
that the approach of Remark 2.2 may lead to very poor approximations of ¢ and its true
value may be massively over-estimated. Therefore, for non-dissipative problems, one is
likely to be better off with simply choosing an arbitrary not excessively large positive
number for ¢ such as ¢ = 1, in Eq. (3.1).

— If the user believes that evaluating the formulas in (2.9) is too expensive then one may
again use ¢ = 1 in Eq. (3.1), even for dissipative equations. Then the guess of &él)
may be worse than the one obtained with ¢ from (2.8) and the number of iterations until
satisfactory accuracy may increase slightly.

— Remark 2.4 suggests another way to choose ¢ as it tries to find a compromise between
the two earlier suggestions.

In the numerical experiments of Sect.5, we report the results of our new method for
various choices of ¢ such as the construct of Remark 2.2, the idea of Remark 2.4, or simply
setting ¢ = 1. In practice the method of Remark 2.4 usually leads to the smallest number of
iterations and quickest overall convergence.

Our strategy for constructing additional initial values yék) for k = 2,3, ...1s based on
Corollary 2.1 which states that, given two fractional initial value problems for the same
fractional differential equation, but starting from different initial conditions, the difference
in terminal values of these two problems is approximately proportional to the difference
in their initial values. Strictly speaking, Corollary 2.1 only holds in the asymptotic sense
when the difference between subsequent initial values is tending to zero. In practice, our
proportional secting idea has worked exceedingly well for all types of fractional ODEs even
if this assumption is not satisfied, and the results in Sect.5 show this clearly.

Next we need to specify initial value guesses for fzék) when k > 2 from two earlier
guessed starts. Our algorithm always analyzes the two most recent iteration results for y at
b and compares their calculated approximations yi_1(b) and yx_o(b) with the desired value
y*. How are these three values for y at b positioned? For this we found it convenient to
express the target value y* as a generalized convex combination of the two y,, (b) values for
n e {k—2,k— 1} and write

V= Mdk—1(b) + (1 — ) Ji—2(b) (3.2)
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for some Ar € R. Here A can be immediately computed since all other quantities in (3.2)
are known. Since any positioning of the three values relative to each other is possible, this
concept may lead to A < 0 or A > 1 which would not be admissible in a classical convex
combination, but this does not create any difficulties for our algorithm. From A; we compute
the new guess for the next shooting start as

k k—1 k—2
5 = D+ (4= . (3.3)

The new starting guess yé’” is a generalized convex combination of the two preceding guesses
that uses the same proportions as those in Eq. (3.2). Evidently, if the statement of Corollary 2.1
were an equality and no errors had occurred in the numerical solver for the initial value
problem, then (3.3) would lead to a starting guess that hits the desired target value y* exactly.

With the value of Ay in Eq. (3.3) as computed from Eq. (3.2), we obtain the next initial
value guess as

© b i(k D ~(k-2)
5 0

Yoo = + (0" = Ji-1(b) - (3.4)
o =Jo T +0 ) 5 &~ 52 ®

Thus, the correction term that gets us from the previous initial value i(()k_l)

guess yé ) is proportional to the error of the previous terminal value y* — y;_1 (b) multiplied

by the proportionality factor made up of the quotient of the difference of the two preceding
initial values and the difference of the two preceding terminal values.

to the next starting

1) ~(k=2)

Note that formula (3.4) for iék) is independent of the actual lay of y(()k and with
respect to each other or to y*. This formulation was chosen deliberately to avoid any lay-
logical tree complications when executing our proportional secting method. The reference
point in Eq. (3.4) is always y*. The algorithm computes i(k) whose associated function value

vk (D) is closer to y* than at least one of those generated by the initial values y(k Dor 9(()/( D

5 (k)

Once y,* and the ass0c1ated terminal value Vi (b) have been computed, we drop the oldest

point data pair y ( ? and Vk—2(b) and continue with the pair with indices k and k — 1 and

iterate on until | yk (b) — y*| has dropped below the required accuracy threshold.
Compared to classical bisection, our approach has two significant advantages:

1. Before a classical bisection method can be started, the correct initial value y(a) of the
solution y must be known to lie inside the search interval, i.e., two numbers Yo and yg
with y(a) € [yo, %] must have been computed for the actual solution y with y(b) = y*.

Any first guess y prov1des one of the search interval bounds, but to find another that lies
on the opposite side of the unknown exact value of y(a), further iterations are necessary.

S (k+1)

The proportional secting method does not require any of this; to compute y, we do

not need to know anything about the lay of y(a), y(()k), or y(k b,

2. In classical bisection, one starts with the initial interval [yg, yo] in which the exact solu-
tion’s value for y(a) is known to be located. In each iteration step, the size of this interval
(and hence the accuracy with which one knows the correct initial value) is reduced by
one half. While this method clearly converges, it is easy to see that its convergence is

typically rather slow. When the interval [yo, Yol is large, classical bisection often requires

very many iterations for an acceptable accuracy in the 10~ or 10~8 range. Our examples
demonstrate that our proportional secting scheme reduces the size of the initial search
interval much faster and thereby it solves the shooting problem with fewer iterations.
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Remark 3.3 Searching for the correct initial value is a nonlinear equations problem. The
proportional secting method solves this nonlinear equation by the secant method. Such an
approach for handling fractional terminal value problems was briefly mentioned by Ford and
Morgado [14, Section 3]. However, their focus was on the selection of [VP solvers and not on
shooting strategies. The authors of [14] have neither stated any properties of this approach nor
provided an analysis or given any reasons why to use this method. The two main advantages
of the secant method over the bisection approach seem to have been unnoticed so far.

Remark 3.4 Our approach always replaces the older of the two previous initial values, viz.

y(()" D , by the newly computed value y( ) and then proceeds to the next iteration with the pair

3y =D, fék) ). If y* = y(b) lies inside of the interval bounded by 5%~V (b) and 7*~2)(b)
we have obtained a guaranteed enclosure
. k=1) (k=2 ~k=1) ~(k—2
y(a) € [mm {y(() ),yé )} , max {y(() ),y((] )}]
of the solution’s exact initial value. Our algorithm does not guarantee such an enclosure in
any iteration and we never know whether

. k) ~(k—1 k) ~(k—1
y(a)e[mln[y(()),yé )],max[y(),y(g )”

Since for most practical applications it is not relevant to have this information, we actually do
not consider this a major drawback. We could modify proportional secting so that it retains
the enclosure property once it has been obtained. Instead of always replacing the older of
the two previous values, we might just replace the value that is on the same side of the exact
solution as the new one, thus employing the regula falsi (false position method). However,
using the regula falsi here comes with the added cost of potentially requiring significantly
more iterations before reaching acceptable accuracy. Therefore we do not pursue this idea
further.

Figure 1 visualizes the proportional secting iterations for the terminal value problem

sin(z - y(¢)) with y(20) = y* = 0.8360565

o 1
Doy(t):t+1

that we will discuss in more detail in Example 5.3 below. Our interval of interest is [a, b] =
[0, 20]. We start with yg’) = y* x~ 0.836 at a = 0, use the BDF2 solver for the initial value
problem and obtain the black approximate solution graph that arrives at yo(b) &~ 0.57 at time
b = 20. For simplicity’s sake we follow Remark 3.2 and construct the next initial value i(()l)
based on formula (3.1) with ¢ = 1. Since yo(b) ~ 0.58 < 0.836... = y*, this moves the
initial value exactly y* — () units up to obtain y(l) 1.1 and subsequently y1(b) =~ 0.89
when traveling along the blue graph. The next solution graph from y(z) 1.05 (shown in
red) arrives about halfway between y;(b) and y* at time b. The dotted graph finally reaches
y* at b in 8 iterations with a 10~ error. An absolute error of approximately 10710 at the
terminal point b takes 7 iterations, and 6 iterations suffice to obtain a 10~7 accuracy for this
example. Thus, each extra iteration gives us 3 to 4 more accuracy digits at time b.

3.5 Selection of the Step Size for the Numerical IVP Solver

To reduce the computational cost of any iterative shooting algorithm, Diethelm [7] has pro-
posed to vary the step size of the algorithm. When the iteration counter k of the “shots” is
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y1(b)
{yz(b)

B\
Ys\0)

—yo(b)

04 1 1 1 1 1 L 1 1 1
0 2 4 6 8 10 12 14 16 18 20

Fig. 1 Visualization of the behavior of the algorithm when applied to Example 5.3. The dotted curve is the
numerical solution after 8 iterations of our shooting method; it cannot be visually distinguished from the exact
solution

small, one assumingly is relatively far from the exact solution because the initial value is
not sufficiently accurate and it does not make sense to solve the initial value problem with
high accuracy. Moreover one can likewise use relatively large steps in the early iterations.
Our numerical experiments in Sect.5 indicate that no such difficult to implement step size
varying procedure is necessary for either one of the three variants of our proportional secting
approach because we always arrive at a very accurate solution in a small number (3 to 8
instead of 18 to 65) of iterations. Therefore we have decided to use a fixed step size and the
same [VP solver in all shooting iterations.

3.6 Algorithmic Description of the Proportional Secting Scheme

We now write out the proportional secting method in a formal pseudo-code like manner in
Algorithm 3.1 below.

Algorithm 3.1 Shooting method based on proportional secting

input data: — the terminal value problem (1.3), i.e., the function f on the right-hand
side of the differential equation and the desired terminal value y*

— a numerical method for solving fractional initial value problems (e.g., the fractional
Adams method, the fractional trapezoidal method or a fractional BDF)

— a step size h to be used by the numerical IVP solver (or an arbitrary set of mesh points
for the discretization of the time interval [a, b])

— a desired accuracy level ¢ > 0

— a decision strategy for choosing the value ¢ in Eq. (3.1) with three options: the generic
choice ¢ = 1 and the procedures indicated in Remarks 2.2 and 2.4, respectively

setk :=—1
repeat
increment k by 1

if k = 0then

set i(()k) = y*
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else if k = 1 then
set i(()k) according to formula (3.1)
else
set S/(()k) according to formula (3.4)
end if
Solve the initial value problem DS yi(t) = f(t, yr (1)), yk(a) = i(()k) with the given
numerical method and the chosen step size h or the given mesh, respectively.
until |y* — yi(b)| < &
return the numerical solution yy

4 Analysis of the Algorithm

For a better understanding of the performance and behavior of our algorithm, we now give a
short theoretical analysis.

4.1 Accuracy and Convergence

We begin with a look at error estimates. The total error of our numerical scheme has two
active components originating from two different sources besides rounding and truncation
errors. When solving the terminal value problem (1.3) in the k-th iteration of the shooting
procedure, we solve an adjacent problem from the starting guess y(a) = yék) and obtain
vk with yr(b) # y(b) = y* for the exact solution y. This is one component e (k) of the
total error. Additionally there is another error component e;(k, N) associated with the k-
th iterative solution yj, namely the computational error ez (k, N) inherent in the numerical
integration algorithm that we use. e>(k, N) depends on the number N of grid points of the
fractional IVP solver and on the k-th initial value problem. We shall assume that the grid
points are uniformly spaced as t; =a + j(b —a)/N for j =0,1,2,..., N.

We first consider the limit case k — o0, i.e. we assume that we have done so many
shooting iterations that the exact terminal value y, (b) = y(b) = y* is reached numerically.
We denote the solutions for this special terminal value problem by y, for the exact solution
and by yoo n for the numerical solution where, in contrast to the convention used in the
remainder of this paper, the notation explicitly indicates the number N of grid points used in
the IVP solver. Since k cannot be varied any more in the limit case, it remains to study the
influence of the parameter N, i.e., the number of grid points of the IVP solver, on the error.
The following theorem indicates that the convergence order of the underlying IVP solver is
retained.

Theorem 4.1 Assume the hypotheses of Theorem 2.1 and that the IVP solver approximates the
solution of the given fractional differential equation in Eq. (1.3) withan O (N ~?) convergence
order with some constant p > 0 for any initial condition. Then
max tj)— 73 tj)) = O(NP). 4.1

jzo,l,szIy(J) Voo, N (1)) (NF) .1
Remark 4.1 In Theorem 4.1, we require the initial value solver to solve the given differential
equation with an O (N ~P) error for every initial value, not just for the special initial value
of the exact solution of the given terminal value problem. This requirement is due to a
special property of fractional differential equations: The solutions of fractional differential
equations tend to have only weak smoothness properties in general, but may behave much
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more smoothly for some exceptional initial values, see Diethelm [6, Section 6.4]. If the
exact solution of the terminal value problem has such an exceptional initial value then the
IVP solver may compute a numerical approximation rapidly if starting from the exact initial
value. But generally the iterations converge much more slowly for all other, even nearby,
initial values.

Proof Our proof has two steps. First we prove that
|y(t0) = Yoo,n (t0)| = O(N™P) (4.2)

and then we use (4.2) to show Eq. (4.1).

In an indirect proof, we assume that (4.2) is not true. Then there exists a function ¢ : N —
R and a strictly increasing sequence (n M);": | of positive integers such thatlim, . ¢ (n,) =
oo and

[y (t0) = Yoo,n, (t0)| = cn,Pp(ny) (4.3)
for all sufficiently large p and some constant ¢ > 0. By definition of Yo, y, we have
Yoo, N(tN) = Yoo, n (b) = y* and thus

0=N"-1y" = Joon(tN)]| = N - [y* = Yoo (tn) + Yoo (tN) — Foo, N (tN)] = 21,8 — 22,
(4.4)

where

2N = NP [y = yoo (0| and 228 = NP - |yoo (tN) — Foo,n (EN)].
And whenever N occurs in the sequence (,,), we have:

— After convergence z1 y equals N” times the absolute value of the difference between the
exact solution y* of the given terminal value problem (1.3) evaluated at t = b, i.e. the
solution to the initial value problem for the associated differential equation combined with
the initial value y(#p), and the exact solution of the terminal value problem when computed
by the shooting method. The shooting method terminal value problem is equivalent to the
initial value problem for the same differential equation but with the initial value Yooy (f0).
Thus, by Corollary 2.1 and Eq. (4.3), we obtain

NP - [y(t0) — Foo,N(t0)| - Eq(Lx(b)(b — a)*)
cNPN7PH(N) = cp(N) = 0.

%

Z1,N

\

— After convergence zp y equals N” times the absolute value of the error of the numerical
solution to the initial value problem for y, at the point #). By assumption, the IVP solver
converges at an O (N ~P) rate, and therefore there exists some constant ¢’ > 0 such that
0 <zp,y < /NPN~P = ¢ for all sufficiently large N in the sequence (n,,).

Consequently, for sufficiently large N in the sequence (n,,), we have z| vy > z2 y, and hence
the rightmost entry of Eq. (4.4) is strictly positive, giving the required contradiction. So
Eq. (4.2) has been proved.

Now note that

)= : N
jzoflll’%fwly(t]) Yoo, N (tj)| < d1(N) + da(N)

where

di(N) = sup |y(t) — yoo()|
tela,b)
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and dr(N) = ma t)—9 1.
2(N) jzo,l’szleoo(,) Yoo N (7))]

And yoo N (t0) = Yoo (fp) because the initial value problem solver that generates the approx-
imation Yo y is exact for the initial point so that

di(N) < |y(to) — Yoo (t0)] - Ee(£*(b)(b — a)*)
< [y(t0) = Foon(t0)| - Ea(@*(b)(b — @)*) = O(N™P)

by Corollary 2.1 and Eq. (4.2). Moreover, due to the convergence rate of the initial value
problem solver,

dr(N) = _gmax [Yoo (1)) — oo n(tj)| = O(N™P)

for sufficiently large N. O
For only finitely many shooting steps the following similar error bounds hold.

Theorem 4.2 Let y; be the numerical solution of a given terminal value problem (1.3)
obtained after k > 2 steps of our shooting method. Then, under the assumptions of The-
orem 4.1, we have

max ly(;) — Y| < e1(k) + ea(k, N)

j=0,1,2
where
erk) = sup |y(1) = y(0] = |y(@ — YOI Eo (B () (b — a))
tela,b]
depends only on k and

k,N) = tj) — @)l =O0WNP

ex(k, N) jzofrllg{f_wlyk(/) Ve(£j)] ( )

depends on k and the chosen number N of grid points.

Proof This can be shown much in the same way as Theorem 4.1. O

Numerical experiments in Sect. 5 will illustrate these estimates.

4.2 Stability and Robustness

The numerical stability and robustness of an algorithm are relevant issues when assessing its
practical usefulness. For shooting algorithms we have to deal with two essential aspects in
this context.

We need to understand the fundamental idea here to solve initial value problems that are
close to, but not identical to the initial value problem that is equivalent to the given terminal
value problem. From Theorem 2.3 and Corollary 2.1, we can see the well-posedness of both
the original terminal value problem and the associated equivalent initial value problem. Thus
small changes in either of these problems, no matter whether they are due to the way in
which the shooting method works, to rounding errors of the given data or inherent errors of
the initial value problem solver, or anything else do not lead to significant perturbations of
the algorithm’s output.

Another key component is the initial value solving algorithm that is executed in every
iteration of a shooting method. If an integrator with poor stability properties is used or if
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the chosen step size is too large to guarantee stability, then the instability will be propagated
into the shooting method and may render its output meaningless. Fortunately, the stability
properties of many frequently used fractional [VP solvers in the context of fractional ODEs
are well understood: for the Adams-Bashforth-Moulton method (ABM), see Garrappa [16],
for the fractional linear multistep methods such as the fractional BDF2 or the fractional
trapezoidal methods, see Lubich [25]; for additional information see Garrappa [18]. These
well established IVP solving methods are highly suitable for our purposes and they will be
used in the numerical examples of Sect. 5.

5 Numerical Results

Here we present numerical experiments with our new proportional secting scheme, first in all
its three variants of choosing ¢ required in Eq. (3.1) when computing the second guess for the
initial value and continuing with further proportional secting iterations. We compare our new
method with the conventionally used shooting method that uses bisection. Our algorithm has
been implemented in MATLAB R2022a on a notebook with an Intel Core 17-8550U CPU
clocked at 1.8 GHz running Windows 10 and in MATLAB R2022b on a MacBook Pro with
2.4 GHz Quad-Core Intel Core i5 and 16 GB RAM.

In all cases, we have tested the shooting methods with two different solvers for the initial
value problems, using the Adams-Bashforth-Moulton (ABM) scheme and the second order
backward differentiation formula (BDF2) of Lubich [25]. The ABM method was imple-
mented in a P(EC)™E structure with four corrector iterations [4]. BDF2 is an implicit method
and hence needs to solve a nonlinear equation at each time step to compute the correspond-
ing approximate solution. For this we use Garrappa’s implementation [18]. We terminate
its Newton iterations when two successive values differ by less than 10710, All shooting
iterations are terminated when the approximate solution yj at the endpoint b of [a, b] differs
by at most & from the desired value y(b) = y* fore = 107, & = 1073, and e = 10~ in
our tests.

The tables below list the chosen initial value problem solver together with the correspond-
ing step size, the maximal error over the interval of interest and the number of iterations that
each of the shooting methods needed with the respective combination of IVP solver and step
size to converge up to the required accuracy. In this context, we note that, since the shooting
strategies—and hence the sequences of the chosen initial values—differ from each other, the
approximate solutions computed by the four different approaches do not coincide exactly.
Therefore, the respective maximal errors are also not precisely identical. However, at least
for ¢ = 1078 and ¢ = 1079, the maximal errors agree with each other at least within the
accuracy listed in the tables. For ¢ = 107, the error variations are somewhat larger but their
values have a common order of magnitude. For this case the corresponding table columns
list the errors for the worst of our four guessing approaches.

Example 5.1 Our first example is the terminal value problem

8.8~ 3154 a/2)rte/?

Dyy(t) = rO—a r'S—a/2)
9 340 4 ’ 3/2
+ (I 4a)+ =% —*) =y~
4 2
(1)—l
y - 4’
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whose exact solution is
9
y(t) — t8 _ 3t4+01/2 + Zta-

This is a standard example used for testing numerical methods in fractional calculus; cf.,
e.g., [10]. We report the results for the special case @ = 0.3 in Tables 1, 2 and 3 below.
The results in Tables 1, 2 and 3 show the following:

— Even if a very small step size is used in the initial value solver, the best accuracy that
we can achieve is limited by the parameter ¢ that governs the termination criterion of
the shooting iterations. Generally the total error is slightly larger than ¢ in lockstep with
the chosen step size. For relatively small steps the error component e (k) dominates the
overall error estimate as established in Theorem 4.2 and for larger steps e;(k, N) is the
dominant error contribution.

— In Tables 2 and 3 where the accuracy requirement ¢ is much smaller than the error term
ez(k, N) from Theorem 4.2, the convergence rate of BDF2 is around O (h?) which is
exactly the rate for the corresponding initial value problems, see [25]. This confirms the
expected behavior predicted by Theorem 4.1 where we dealt with the case ¢ = 0. For
the Adams method, the expected convergence rate is again O (h?) for this example, see
Lubich [4]. But the actual rate in the data is a little lower at O (h'?), because the step
size is still too large for asymptotics to have set in.

— Varying the strategy for selecting the next initial guess (i.e., switching between classical
bisection and proportional secting) but not changing the IVP solver has no influence on
the final result because a change of starting point guessing means trying to solve the same
nonlinear equation by a different method which should not lead to significantly different
results.

— Thereis, however, a substantial difference in the number of iterations that the two guessing
strategies require to obtain a result with the desired accuracy. Classical bisection needs
many iterations, and this induces a rather high computational cost. The proportional
secting method performs much better. It typically requires only between 8% and 24% of
the iterations for classical bisection.

— A simple run times comparison of the two algorithms reflects this speedup.

— For example, for the case ¢ = 107!? shown in Table 3, the Adams method (ABM)
with stepsize 0.001 requires 1.53 s to converge when combined with classical bisec-
tion, but only 0.15 s in combination with the first variant of proportional secting with
¢ = 1in Eq. (3.1), or 0.21 s with either of its two other variants as specified in
Remarks 2.2 and 2.4, respectively. Here the simplest choice of ¢ = 1 is the fastest
overall since calculating the quantities ¢* and possibly also ¢, of Eq. (2.6) for ¢ is
time consuming.

— When using the BDF2 solver for the initial value problems with stepsize 0.0005 we
measured run times of 3.38 s for the classical bisection method and 0.34 s and 0.43
s, respectively, for the first, and for the second and third variants of the proportional
secting algorithm, respectively.

— The fractional differential equation of Example 5.1 is not dissipative. For the propor-
tionality factor ¢ that is required for the second guess for the initial value when using
Remark 2.2, the lower inclusion bound is ¢, ~ 0.23 and the upper bound is c* ~ 2.27- 104,
This inclusion interval is rather large and the strategy of Remark 2.2 gives us a rather
inaccurate approximation of the optimal ¢ for the second guess. Running our new algo-
rithm with the optimal value for ¢ in the second starting guess converges in a small
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number of iterations and with the alternative versions of Remark 2.4 or ¢ = 1 it needs
the same small number of iterations. The proportional secting method is very forgiving
of bad guesses.

Example 5.2 Our second example deals with the terminal value problem

o 3 . 14 3
Diy() = —2y() with y(7) = < Eqy (=5 -7) ~ 06476

with ¢ = 0.3 and the Mittag-Leffler function E, of order «. The exact solution is

N = 14E (—3t°‘>
)’()—? a E .

The results are in Tables 4, 5 and 6. For this and the third example below we list the data
for fewer step sizes than we did for Example 5.1 earlier.
Note the following:

e In Example 5.2, the exact solution satisfies y(b) = y(7) =~ 0.6476 with y(a) = y(0) =
14/5 = 2.8, so y(b) is a relatively poor initial guess for y(0). All of our shooting start
guessing rules perform very similarly to Example 5.1.

e The performance comparisons between bisection and proportional secting are essentially
the same as those for Example 5.1. Proportional secting reaches the required accuracy
with only between 8.3% and 15% of the iterations that the bisection method needs and
the run times decrease correspondingly.

e For both shooting strategies, the accuracy of the BDF2 second-order backward differen-
tiation formula is much better than the accuracy of the ABM method.

e This example uses a dissipative fractional differential equation that is linear, homoge-
neous and has the constant negative growth coefficient —3/2. For fractional ODEs with
constant coefficients the proportionality factor ¢ is discussed in Remark 2.2 and it is
simple to compute. In this Example the lower bound c, coincides with the upper bound
¢* and both of them have the value 0.23 ... which we can use for ¢. This leads to a slight
reduction in the number of required iterations.

Example 5.3 The third example is based on the initial value problem

1
Dgy(1) = t+1sin(t-y(t)), y(0) =1,

with @ = 0.7 on the interval [a, b] = [0, 20].

The exact solution for this problem is unknown. Using a second order backward dif-
ferentiation formula with 16,000,000 steps on [a,b] = [0, 20], and thus a stepsize of
20/(16 x 10% = 1.25 x 107%, we have computed the approximate solution shown in
Fig.1 as the curve highlighted by the black dots. We are confident to be very close to the
exact solution with terminal value y(b) = y(20) & 0.8360565. By replacing the given initial
condition above by the terminal condition, we obtain a terminal value problem that we try to
solve with the fractional ODE shooting methods of this paper. This fractional ODE problem
appears more challenging than those of Examples 5.1 and 5.2 because here we work on a
much larger interval and with a decaying oscillatory exact solution. The results are listed in
Tables 7, 8 and 9. Without any precise information of the exact solution, the listed computed
errors are in comparison to the numerical solution constructed earlier.

These tables again exhibit a similar behavior as our Examples 5.1 and 5.2. The propor-
tional secting method is substantially faster than the classical bisection method. It requires
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significantly fewer shooting iterations to converge for the required accuracy. The same holds
true for the run time measurements. For ¢ = 10~ (see Table 8) and a BDF2 solver with
stepsize 0.02, the run time is 0.48 s for the classical bisection method while proportional
secting needs only 0.14 s for the variant with ¢ = 1in Eq. (3.1) and 0.18 s when ¢ in Eq. (3.1)
is chosen according to Remark 2.2 and 0.15 s when the idea of Remark 2.4 is used to compute
C.

There is a significant difference in Example 5.3 compared to Example 5.2: Using the
strategy of Remark 2.2 to compute the second guess for the initial value leads to convergence,
but it is slightly worse than when simply using ¢ = 1 as suggested in Remark 3.2. This
fractional differential equation is not dissipative, and its containment interval bounds given
by (2.6) are ¢, ~ 0.05 and ¢* ~ 5 x 107. Thus, the first containing interval for the correct
proportionality factor is extremely large and the midpoint method of Remark 2.2 then starts
from a very large error and continues with a relatively poor second approximate solution so
that more iterations are needed until convergence.

6 Conclusion

We have discussed shooting methods for solving fractional terminal value problems with
Caputo derivatives numerically. Choosing the best numerical IVP solver was not our focus.
This has already been discussed extensively in Refs. [14, 16, 18, 19]. Instead we have inves-
tigated and tested algorithms that select initial values for each iteration in fractional ODE
shooting procedures. Classical bisection is often recommended and most often used. It con-
verges rather slowly, requiring many iterations until approximating the actual solution well.
The newly proposed proportional secting method is much better here. It computes the guess
of the second and subsequent starting values for the shooting procedure rather differently.
Three separate methods, differing only in the guess of the second initial value, have been pro-
posed and their respective performances shown to differ only slightly in speed and accuracy.
Our experimental findings are supported by the results of analytical investigations.

Remark 4.1 The Caputo differential operator listed in Eq. (1.2) is not the only fractional
differential operator of order o with starting point a for which one can try to formulate terminal
value problems. Indeed, it is conceivable to use the so-called Hilfer fractional derivatives of
order « and type n € [0, 1] with starting point a [22, Definition 3.3] instead. The special
case u = 1 of this class of operators is, on a very large set of functions, equivalent to the
Caputo operators that we have discussed here; for i = 0 one obtains the Riemann-Liouville
derivatives [6, Chapter 2]. In principle, one could use the approach that we have proposed
here to handle such generalized terminal value problems. One would then have to replace the
initial value problem solving subroutines for Caputo IVPs in Algorithm 3.1 by corresponding
functions for the modified operators, which is a relatively straightforward matter. However,
to theoretically justify the proportional secting idea in this generalized context, one would
also need to generalize our Corollary 2.1 in a corresponding way. Such a result currently
does not seem to be available.

Software

The MATLAB source codes of the algorithms described in this paper, including all required
auxiliary functions, can be downloaded from a dedicated repository [12] on the Zenodo
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platform, thus allowing all readers to reproduce the results of our numerical experiments.
Our functions were tested in MATLAB R2022a and MATLAB R2022b.

Acknowledgements The work described in this paper originated from a discussion between the two authors
that was initiated after a Zoom talk by the first author in the Irish Numerical Analysis Forum in 2021. We are
grateful to the organizers Natalia Kopteva and Martin Stynes for their Numerical Analysis Forum that brought
us together by chance. Our algorithm uses some functions developed and implemented by Roberto Garrappa
as auxiliary subroutines, e.g. for the evaluation of the Mittag-Leffler function [17] and for solving fractional
initial value problems [19]. These routines are also of interest in their own right. We thank Roberto Garrappa
for allowing us to include his codes into our software suite [12]

Author Contributions Both authors contributed equally to this work.
Funding Open Access funding enabled and organized by Projekt DEAL.

Data Availability Not applicable.

Declarations

Conflict of interest The authors declare that they have no known competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence,
and indicate if changes were made. The images or other third party material in this article are included in the
article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is
not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder.
To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Bileanu, D., Lopes, A.M. (eds.): Handbook of Fractional Calculus with Applications, Vol. 7: Applications
in Engineering, Life and Social Sciences, Part A. De Gruyter, Berlin (2019). https://doi.org/10.1515/
9783110571905

2. Bileanu, D., Lopes, A.M. (eds.): Handbook of Fractional Calculus with Applications, Vol. 8: Applications
in Engineering, Life and Social Sciences, Part B. De Gruyter, Berlin (2019). https://doi.org/10.1515/
9783110571929

3. Cong, N.D., Tuan, H.T.: Generation of nonlocal fractional dynamical systems by fractional differential
equations. J. Integral Equations Appl. 29, 585-608 (2017). https://doi.org/10.1216/JIE-2017-29-4-585

4. Diethelm, K.: Efficient solution of multi-term fractional differential equations using P(EC)"*E methods.
Computing 71, 305-319 (2003). https://doi.org/10.1007/s00607-003-0033-3

5. Diethelm, K.: On the separation of solutions of fractional differential equations. Fract. Calc. Appl. Anal.
11, 259-268 (2008)

6. Diethelm, K.: The Analysis of Fractional Differential Equations. Springer, Berlin (2010). https://doi.org/
10.1007/978-3-642-14574-2

7. Diethelm, K.: Increasing the efficiency of shooting methods for terminal value problems of fractional
order. J. Comput. Phys. 293, 135-141 (2015). https://doi.org/10.1016/j.jcp.2014.10.054

8. Diethelm, K., Ford, N.J.: Volterra integral equations and fractional calculus: Do neighboring solutions
intersect? J. Integral Equations Appl. 24, 25-37 (2012). https://doi.org/10.1216/JIE-2012-24-1-25

9. Diethelm, K., Ford, N.J.: A note on the well-posedness of terminal value problems for fractional differential
equations. J. Integral Equations Appl. 30, 371-376 (2018). https://doi.org/10.1216/JIE-2018-30-3-371

10. Diethelm, K., Ford, N.J., Freed, A.D.: A predictor-corrector approach for the numerical solution of frac-
tional differential equations. Nonlinear Dyn. 29, 3-22 (2002). https://doi.org/10.1023/A:1016592219341

11. Diethelm, K., Ford, N.J., Freed, A.D.: Detailed error analysis for a fractional Adams method. Numer.
Algorithms 36, 31-52 (2004). https://doi.org/10.1023/B:NUMA.0000027736.85078.be

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1515/9783110571905
https://doi.org/10.1515/9783110571905
https://doi.org/10.1515/9783110571929
https://doi.org/10.1515/9783110571929
https://doi.org/10.1216/JIE-2017-29-4-585
https://doi.org/10.1007/s00607-003-0033-3
https://doi.org/10.1007/978-3-642-14574-2
https://doi.org/10.1007/978-3-642-14574-2
https://doi.org/10.1016/j.jcp.2014.10.054
https://doi.org/10.1216/JIE-2012-24-1-25
https://doi.org/10.1216/JIE-2018-30-3-371
https://doi.org/10.1023/A:1016592219341
https://doi.org/10.1023/B:NUMA.0000027736.85078.be

Journal of Scientific Computing (2023) 97:38 Page290f29 38

12.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

Diethelm, K., Garrappa, R., Uhlig, F.: A MATLAB implementation of the proportional secting algo-
rithm for fractional terminal value problems. Zenodo Record # 7678311 (2023). https://doi.org/10.5281/
zenodo.7678311. Version 1.0

Diethelm, K., Tuan, H.T.: Upper and lower estimates for the separation of solutions to fractional differential
equations. Fract. Calc. Appl. Anal. 25, 166—180 (2022). https://doi.org/10.1007/s13540-021-00007-x
Ford, N.J., Morgado, M.L.: Fractional boundary value problems: analysis and numerical methods. Fract.
Calc. Appl. Anal. 14, 554-567 (2011). https://doi.org/10.2478/s13540-011-0034-4

. Ford, N.J., Morgado, M.L., Rebelo, M.: High order numerical methods for fractional terminal value

problems. Comput. Methods Appl. Math. 14, 55-70 (2014). https://doi.org/10.1515/cmam-2013-0022
Garrappa, R.: On linear stability of predictor-corrector algorithms for fractional differential equations.
Internat. J. Comput. Math. 87, 2281-2290 (2010). https://doi.org/10.1080/00207160802624331
Garrappa, R.: Numerical evaluation of two and three parameter Mittag-Leffler functions. STAM J. Numer.
Anal. 53, 1350-1369 (2015). https://doi.org/10.1137/140971191

Garrappa, R.: Trapezoidal methods for fractional differential equations: theoretical and computational
aspects. Math. Comput. Simul. 110, 96-112 (2015). https://doi.org/10.1016/j.matcom.2013.09.012
Garrappa, R.: Numerical solution of fractional differential equations: a survey and a software tutorial.
Mathematics 6, 16 (2018). https://doi.org/10.3390/math6020016

Gorenflo, R., Kilbas, A., Mainardi, F., Rogosin, S.: Mittag-Leffler Functions, Related Topics and Appli-
cations, 2nd edn. Springer, Berlin (2020). https://doi.org/10.1007/978-3-662-61550-8

Hairer, E., Lubich, C., Schlichte, M.: Fast numerical solution of nonlinear Volterra convolution equations.
SIAM J. Sci. Stat. Comput. 6, 532-541 (1985). https://doi.org/10.1137/0906037

Hilfer, R.: Fractional time evolution. In: Hilfer, R. (ed.) Applications of Fractional Calculus in Physics,
pp. 87-130. World Scientific, Singapore (2000). https://doi.org/10.1142/9789812817747_0002
Karniadakis, G.E. (ed.): Handbook of Fractional Calculus with Applications, Vol. 3: Numerical Methods.
De Gruyter, Berlin (2019). https://doi.org/10.1515/9783110571684

Keller, H.B.: Numerical Methods for Two-Point Boundary-Value Problems. Dover, Mineola (2018)
Lubich, C.: Fractional linear multistep methods for Abel-Volterra integral equations of the second kind.
Math. Comput. 45, 463-469 (1985). https://doi.org/10.1090/S0025-5718-1985-0804935-7

Lubich, C.: Discretized fractional calculus. SIAM J. Numer. Anal. 17, 704-719 (1986). https://doi.org/
10.1137/0517050

Petras, 1. (ed.): Handbook of Fractional Calculus with Applications, Vol. 6: Applications in Control. De
Gruyter, Berlin (2019). https://doi.org/10.1515/9783110571745

Tarasov, V.E. (ed.): Handbook of Fractional Calculus with Applications, Vol. 4: Applications in Physics,
Part A. De Gruyter, Berlin (2019). https://doi.org/10.1515/9783110571707

Tarasov, V.E. (ed.): Handbook of Fractional Calculus with Applications, Vol. 5: Applications in Physics,
Part B. De Gruyter, Berlin (2019). https://doi.org/10.1515/9783110571721

Zhou, Y., Stynes, M.: Optimal convergence rates in time-fractional discretisations: the L1, L1 and
Alikhanov schemes. East Asian J. Appl. Math. 12, 503-520 (2022). https://doi.org/10.4208/eajam.
290621.220921

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

@ Springer


https://doi.org/10.5281/zenodo.7678311
https://doi.org/10.5281/zenodo.7678311
https://doi.org/10.1007/s13540-021-00007-x
https://doi.org/10.2478/s13540-011-0034-4
https://doi.org/10.1515/cmam-2013-0022
https://doi.org/10.1080/00207160802624331
https://doi.org/10.1137/140971191
https://doi.org/10.1016/j.matcom.2013.09.012
https://doi.org/10.3390/math6020016
https://doi.org/10.1007/978-3-662-61550-8
https://doi.org/10.1137/0906037
https://doi.org/10.1142/9789812817747_0002
https://doi.org/10.1515/9783110571684
https://doi.org/10.1090/S0025-5718-1985-0804935-7
https://doi.org/10.1137/0517050
https://doi.org/10.1137/0517050
https://doi.org/10.1515/9783110571745
https://doi.org/10.1515/9783110571707
https://doi.org/10.1515/9783110571721
https://doi.org/10.4208/eajam.290621.220921
https://doi.org/10.4208/eajam.290621.220921

	A New Approach to Shooting Methods for Terminal Value Problems of Fractional Differential Equations
	Abstract
	1 Introduction and Motivation
	2 Analytic Properties of Terminal Value Problems
	3 Description of the Method
	3.1 General Framework
	3.2 Selecting the Initial Guess tildey0(0) for y(a)
	3.3 Numerically Solving a Fractional ODE Initial Value Problem
	3.4 Improved Subsequent Guesses for the Initial Values
	3.5 Selection of the Step Size for the Numerical IVP Solver
	3.6 Algorithmic Description of the Proportional Secting Scheme

	4 Analysis of the Algorithm
	4.1 Accuracy and Convergence
	4.2 Stability and Robustness

	5 Numerical Results
	6 Conclusion
	Software
	Acknowledgements
	References




