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Abstract

An efficient approximate version of implicit Taylor methods for initial-value problems of
systems of ordinary differential equations (ODEs) is introduced. The approach, based on an
approximate formulation of Taylor methods, produces a method that requires less evaluations
of the function that defines the ODE and its derivatives than the usual version. On the other
hand, an efficient numerical solution of the equation that arises from the discretization by
means of Newton’s method is introduced for an implicit scheme of any order. Numerical
experiments illustrate that the resulting algorithm is simpler to implement and has better
performance than its exact counterpart.
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1 Introduction
1.1 Scope

This work is related to numerical methods for the solution of the autonomous system of
ordinary differential equations (ODEs):

u'(t) = f(u@), te@,T],
u(t) = (ui (), ..., uM(t))T, fw = (fiw),..., fM(u))T,

where derivatives of a vector of univariate scalar functions are understood component-wise,
posed along with initial data u(#p) = uo.

Taylor series methods for the numerical solution of initial-value problems of ODEs com-
pute approximations to the solution of the ODE for the next time instant using a Taylor
polynomial of the unknown. The resulting methods are simple, since the expressions required
for the iteration are exactly computable (i.e., with no error) from the equation, and the trunca-
tion error is governed by the error term of the Taylor formula, so that the order of accuracy of
the global error of the method corresponds to the degree of the Taylor polynomial used. How-
ever, their implementation depends on the terms involved in the Taylor series, i.e., derivatives
of the right-hand side whose computation requires intensive symbolic calculus, and are spe-
cific to each individual problem. Moreover, the need for solving auxiliary nonlinear equations,
especially within the implicit versions, makes them computationally expensive, especially
as the order of accuracy required increases.

In this work, we focus on implicit Taylor methods, obtained by computing the Taylor
polynomials centered on a future time instant, and often used to solve problems where explicit
methods have strong stability restrictions, in particular stiff systems of ODEs (Hairer and
Wanner 1996). First of all, we apply a strategy, based on the work by Baeza et al. (2017) for the
explicit Taylor method, to efficiently approximate the derivatives of f. This approximation
inherits the ease of implementation and performance of the explicit version.

The implicit character of the method requires the solution of an auxiliary system of equa-
tions, usually by Newton’s method, which requires the computation of the Jacobian matrix.
This may be an easy task for low-order methods, but the resulting iteration can become
complicated as the order of the scheme increases. We propose a new formulation to obtain
high-order implicit Taylor schemes that are simpler to implement and more efficient than
the exact implicit Taylor methods, which compute derivatives symbolically. This is the main
novelty of this work.

That said, we remark that it is not our purpose to present a numerical scheme that can
compete with any implicit scheme in any situation, but to introduce a methodology to obtain
Rth-order implicit Taylor schemes for systems of M scalar ODEs, with arbitrarily high M €
N, that can be easily implemented and efficiently solved, independently of the complexity
of the function f, thus removing the leading difficulty of exact implicit Taylor methods.
Very-high-order implicit methods are a must in some problems: for instance, in dynamical
systems and mechanics, there is a need of high-order (at least, greater than 12) ODE solvers,
especially Taylor integrators, as exposed for instance by Jorba and Zou (2005), Barrio et al.
(2011), and Abad et al. (2012).

(1.1)
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1.2 Related work

Miletics and Molnarka (2004) propose an alternative based on a numerical approximation
of the derivatives of f in ODEs of the form u’ = f(u) for the explicit Taylor method
up to fourth order and in Miletics and Molnarka (2005) for the implicit version up to fifth
order. Later on, in Baeza et al. (2017), a procedure to obtain a numerical approximation of
f(u) = fou was presented to generate arbitrarily high-order Taylor schemes, inspired by an
approximate Cauchy—Kovalevskaya procedure developed for systems of conservation laws
by Zorio et al. (2017), which simplifies the exact version presented by Qiu and Shu (2003).
The method presented by Baeza et al. (2017) relies on the approximate computation of the
terms that appear in the Taylor polynomials, in terms of function evaluations only, avoiding
the explicit computation of the derivatives, leading to a method which is simple to implement
and outperforms its exact counterpart for complex systems.

Further references to implicit Taylor methods addressing combinations of implicit and
explicit steps to improve stability or accuracy include Kirlinger and Corliss (1991) and Scott
(2000).

1.3 Outline of the paper

The work is organized as follows: in Sect. 2, the basic facts about the exact Taylor methods are
reviewed. A general procedure to generate Taylor schemes of arbitrarily high-accuracy order
through Faa di Bruno’s formula (Faa di Bruno 1855) is described, as well as its corresponding
approximate version presented by Baeza et al. (2017). Section 3 is devoted to the description
of the novel formulation of implicit Taylor methods, following an idea akin to Baeza et al.
(2017). Section 4 describes an efficient implementation of the Newton iteration required
to update the solution of implicit Taylor methods. Section 5 stands for several numerical
experiments in which the approximate version of the implicit Taylor methods is compared
against its exact counterpart, as well as against the approximate explicit version. Finally, in
Sect. 6, some conclusions are drawn.

2 Taylor methods
2.1 Preliminaries

The (explicit) Rth-order Taylor methods are based on the expansion of the unknown function:

2

(t+h) =u@t)+h ’(z)+h— "(t) + +ﬁ <R)(z)+ﬂ R+D(g)y (2.1)

with & belonging to the open interval (¢, ¢ +h) defined by ¢ and 7 + /. This expansion is valid
provided uy, ..., upy € CR(f(t, t + h)) and u(1R+]), R uﬁf"'l) are bounded in (¢, t + h),
where I(t, t + h) denotes the closure of (¢, t + ). Consider an equally spaced set of N + 1
pointst, = to+nh,0 <n < N,h = T /N. Dropping the last term in (2.1) and taking t = 1,
one obtains the approximation:

h? hR
u(ty +h) = u(tyy1) ~ u(ty) + hu'(t,) + 7u”(m) ot Fu“”(rn). (2.2)
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Then, (1.1) can be used to write:
k—1

() = (@)t =

(fw@))| ., 1<k<R 2.3)

t=ty

Consequently, the first step to apply Taylor methods is to compute these derivatives up to an
appropriate order.

2.2 Faa di Bruno’s formula
The evaluation of high-order derivatives of the function ¢t — (f ou)(t), which arise in (2.2),

is greatly simplified by Faa di Bruno’s formula, as stated by Baeza et al. (2017). To this end,
we recall that for a multi-index s = (sq, ..., s;) € N/, one defines |s| := s + --- + s, and:

r r!
s) 7 sylspleees !

Moreover, for r € N, we define an index set:

P, = {seN6

r
E vsSy =r ¢,

v=1

and (D*u)(t) to be a matrix of size M x |s| whose (s; + - - - +s;_1 + i)th column is given
by:

1 dJ

((Dsu)(z))w_._ﬂjw:ﬁ@u(z), i=1,....55, j=1,...,r. (24

Finally, we denote by ) e A the action of the kth-order derivative tensor of f onan M x k
matrix A = (A;;):

(k) akf
fPeA = Z WA 1 Ay ke

k=1 oujy -+ - u;,

Proposition 1 (Faa di Bruno’s formula (Faa di Bruno 1855))
Assume that the functions f : RM — Rand u : R — RM are r times continuously
differentiable. Then:

r

d
@f(u(t))

(Fa)”w =" (;) (Fa@)™e@w)n. @3

seP;

Proposition 1 applies to just one scalar function f, so to obtain all components of, say,
(f(u))(k) (t,) in (2.3), we must apply (2.5) to each of the components of f = (fi, ..., fM)T.
Clearly, the matrix D¥u is the same for all these components.

2.3 Explicit Taylor methods

The derivatives (f (u))*~1 can be evaluated using Faa di Bruno’s formula (2.5) (see Baeza
et al. (2017) for more details), leading to an expression of u(k)(t,,) in terms of u(t,) and

@ Springer f bMA



On approximate implicit Taylor methods... Page50f21 304

derivatives of f, namely:

u® (1) = G (w(t), (F@) @), (f@) @), ... (@)

i) = Gilua).

(2.6)
Replacing the derivatives u® (1,) in (2.2) by (2.6), we obtain the expression:
R hk .
(1) ~ Tr (), h) = wltn) + 3 - G ((an). @7
k=1 "
The Rth-order Taylor method
Upy1 = Tr(un, h) (2.8)

is then obtained by replacing the exact values of the solution u(z,) and u(t,41) by their
corresponding approximations in (2.7), denoted by u, and u,, respectively. This means
that the following expression is used in (2.8):

R 1k
h -
TR, h) =+ Y ﬁuf,k) u® = Gr(uy,). (2.9)
k=1""
From (2.1) and (2.9), we infer that the local truncation error is given by:

EL u B &),

TR+

so that Ep, = O(h®*!) as long as u®+D s bounded in [#9, T]. One then obtains that the
method (2.8) has an O(h*®) global error .

3 Implicit Taylor methods
3.1 Exact implicit Taylor methods

Implicit Taylor methods are based on approximating u(t, ) by means of the Taylor polynomial
of u centered at #,, 1 1:

u(ty) ~ Tg(u(tys1), —h), 3.1)

so that the value of u, | ~ u(t,41) is determined as solution of the nonlinear system of
algebraic equations:

up = Tr(Uny1, —h). (3.2)

In the easiest case, with R = 1, one gets the implicit Euler method. As in the case of
explicit Taylor methods, the expressions of u*)(z,) that appear in (3.1) can be expressed
as functions of u(#,+1) and the derivatives of f. As an example, the second-order implicit
Taylor method is given by:

2

h* (0
Up = Uppr = hf @) + — (%(”er)f(uwrl)) , (3.3)

where 0 f/du = (3 f;/0u)1<i, j<m is the Jacobian matrix of f(u). In what follows, the
family of methods based on (3.2) will be referred to as exact implicit Taylor methods, since
they are based on exact expressions of the derivatives of f.
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3.2 Approximate implicit Taylor methods

Let us briefly review approximate explicit Taylor methods as described by Baeza et al. (2017),
whose formulation will be used to motivate and introduce our novel approximate implicit
Taylor (henceforth, AIT) methods. These methods are based on computing approximations
of the derivatives in (2.2) by means of finite differences, so that u® (1, is replaced by an
approximation:

v = u® @)+ ORRHH, k=2, R

resulting in an Rth-order accurate method:

5
Vhntl = Vpp + Z th,n’
k=1

where the approximations v;ﬁkl are computed as follows:

(V]
Vyn = Un,

v, = f ),

k kTR

vt = Ay T (PR, k=1, R—1.
Here, we recall that -] denotes the so-called ceiling operator defined by [x] = min{n € Z |
x < n}. Moreover, PX(p) is the M-component vector given by:

k0

Pi(p) = Z R N '
=0

and Aﬁ "1 is the centered finite-difference operator that approximates pth-order derivatives
to order 2¢q on a grid with spacing £, i.e., the one that satisfies:

Aﬁ’q(y) — y(P) + O(th)

for a sufficiently differentiable function y. (The operator AZ "1 is understood as acting on
each component of f( P’,‘l (h)) separately.)

There exist constants ﬂjf’R, so that for some integers y g, we can write (see Zorio et al.
2017):

(k+1) “ kR (jh) 0
CYOBYES Z TV |- (3.4)
J==Yk.R

Using these approximations of the derivatives, and with the notation of the previous sections,
one obtains the approximate explicit Taylor method:

Up+1 = ’fR (wn, h). (3.5)
For instance, the second-order approximate Taylor method is based on the approximation:
1
u® () = (@) @) ~ 3 (f (0t +hF @) = f (e = hf (i) ):

hence, the method can be written as:

Upt1 = Uy +hf(uy) + — (f(un + hf(”n)) f(un - hf(un)));
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that is:

T2(unv h) =u, +hf(u,)+ (f(un + hf(“n)) f(un - hf(”n)))

The new methods advanced in this contribution, namely approximate implicit Taylor methods,
are obtained by replacing 2 by —A and interchanging u,, and u, 4 in (3.5):

U, = TR(un+l7 _h)
For the case of second order (R = 2), the implicit second-order approximate Taylor method
is:
u, = Tl(unJrlv _h)

h
=Unt+1 — hf(unJrl) - Z(f(unJrl - hf(unJrl)) - f(un+l + hf(un+l))> (36)

3.3 Linear stability

The linear stability of a numerical scheme for initial-value problems of ordinary differential
equations is usually examined by applying it to the scalar linear equation:

u'=xu, LeC, Rei<O. 3.7
For the sake of completeness, we consider the non-homogeneous linear ODE:
u' =xru+g@), reC,

with g sufficiently smooth. For the solution u of the ODE, we can establish by induction on

k that:
k—1

u® = 2ky 4 Z)»kij*lg(j)(t),
j=0

so the explicit Taylor method reads in this case as:

R hk
Unt1 = Zk, (kkun—i—zkk It ))
j=0
R k R—1 ) R k
(h2) g (1) (hA)
= Z A Z pNEa! Z A
k=0 j_O k=j+1
gY (tn)
=QR<hx)un+Z 1 (Qr(r) = Q;(hh)),
where )
J xk
Q)(x) =
! k=0 k'

The implicit Taylor method is obtained by interchanging the roles of n and n + 1 and reads
as:

J)(tn+l)

(
g
tn = QR(=hA)tns1 + Z =

(Qr(=h2) = Qj(=hM)),
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Dtys1) < Q(—=hx) ) 38)

(
_ 8
T Ok ( " Z HiHT Qr(—hh)

In particular, for g = 0, the explicit and implicit Taylor methods of order R are given by the
respective expressions:

Upt1 = Qr(hA)uy 3.9)

and
1

. Un
Or(—h)

The exact Taylor method of order R is stable provided that | Q g (hA)| < 1.SinceRe A < 0,
this condition is usually satisfied on a bounded domain only (as can be inferred from R = 1,
in which case (3.9) is the explicit Euler method). On the other hand, the exact implicit Taylor
method is stable for those values of z = hA that satisfy:

Up+1 =

z€S:={z€C|Rez<0,|Qr(-2)| "' <1} ={zeC|Rez <0,|Qr(-2)| > 1}.

As for its exact counterpart, in Baeza et al. (2020), it is shown that the approximate explicit
Taylor method applied to (3.7) is 7~"R (upn, h) = Qr(hA)u,, and thus, the implicit version is
fR (up, —h) = Q r(=h2)"'u,, and, therefore, both methods have the same stability region
as their corresponding exact versions, in particular the approximate implicit Taylor method
is absolutely stable whenever A < 0.

4 Newton iteration

The computation of u,4 for given u, using an implicit method requires the solution of
an auxiliary equation F(u,41) = 0, which is often approximated by Newton’s method. In
this section, we address the computation of the elements required for Newton’s method for
both the exact and approximate implicit Taylor methods, which will lead to a new, more
efficient formulation for the approximate scheme. Although line-search strategies (Dennis
andSchnabel 1996) for damping Newton iteration can be used to enhance global convergence,
we have not used them in our experiments.

4.1 Exact implicit Taylor method

As an example, let us consider the scalar nonlinear problem:
W=u+u’=u" =04 2w =1+ 2u)u+ u).

The second-order exact implicit Taylor method can be written as:
2 h* 2
Un = tp1 — h(Unyr +u; 1) + 7(1 + 2up11) (Unt1 + Uy ),
which requires the solution of the following cubic equation:

h2
Funt1) = ttpg1 — hQupyr +ut ) + S (L 2 ) 1+ uli ) —uy = 0. (4.1)
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In the general case, the solution of F(u,4+1) = 0 by means of Newton’s method requires
the computation of the derivative F’(u,,11). In the case of (4.1) this is an easy task, but, in
general, the resulting iteration can become complicated.

To simplify the computation of the Jacobian matrix, we introduce:

Zk %ufﬁl, k=0,...,R,
and use Faa di Bruno’s formula (2.5) to get the system:
hR
u, =z0—hzy +--+ (_I)RFZR’
z1 = f(zo),
f1(‘s‘)(zo) oD’z
-
z = : . r:1,...,R_1,
" s;; § (s i nS
' far (o) e D'z

where the definition of D"z mimics that of DSz in (2.4), by taking into account that gz ~
u® (¢), namely:

~8 1 ) ]
(D Z)Sl+"‘+Sj71+i:ﬁzj’ l:lr"-asjy ]—l,...,r.

These equations can be differentiated systematically. For instance, for the case of one scalar
equation, M = 1, one gets:

8ZO<Z (;)fﬂsl)(ZO)Dsz) = Z (Z)f(‘SH_l)(ZO)(%)H ”.<%>Sr,

SEP, seEP;

(5 (e

SEP,

= (e ) G ()

sep, 7

For this scalar case and the second-order implicit Taylor method (3.3), the system to be solved
is:
2

OZZO_hZI +7Z2_un,

0= f(zo0) — z1,
0= f'(zo)z1 — 22.

4.2)

If we rewrite system (4.2) as F(zo, z1, z2) = 0, with the function F defined by:

hZ
Fi(z0, 21, 22) 20 —hzy+ 22—,
F(z0,z21,22) = | F2(20.21,22) | = F(z0) = 21 :

F3(z0, 21, 22) Fzo)z1 — 22
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then the corresponding Jacobian matrix is:

0F) 0F) 0F;
dz0 0z1 922 2
BRI S
JF (20,21, 22) = 920 9o 9z | f(zo) 1 0 |. 4.3)
" ! _
8F3 8F3 3F3 f (ZO)Z] f(ZO) 1

dzo 0z1 022

Depending on the expression of f, the Jacobian matrix may become highly complicate,
even for low values of R. It is clear that, for higher order methods, the system to be solved
will be more complicated. For instance, for R = 4, it reads as:

h? n3 n*
Ozzo—hZ1+7zz—fzs+fz4—um

6 24
0= f(z0) — 21,
0= f'(z0)z1 — 22.
0= f"Go)zi + f'(z0)z2 — 23,
0= f"(z0)z3 +3f"(z0)z122 + 231" (20) — 24

which results in the expression:

Tr (20, - .., 24)
- 2 3 4
| h e
2 6 24
(o) -1 0 0 0
_ £ Go)zn £(z0) 10 o @9
f"(zo)z} + £ (z0)z2 2f"(z0)z1 flzo) -1 0
FP(z0)23 + 3" (z0)z122 3F"(20)23 + 3" (z0)z2 3£ (z0)z1 f'(z0) —1
L + /" (z0)z3 |

Note that the submatrix composed by the first three rows and columns of (4.4) is exactly
(4.3). It is easy to check that the Jacobian matrix corresponding to R = 3 is the submatrix of
(4.4) composed by its first four rows and columns.

4.2 Approximate implicit Taylor method
For simplicity, let us start with the second-order approximate implicit Taylor method (3.6) for

the scalar case M = 1. Similarly to the exact case, we introduce the unknowns zo = u;+1,
21 = f(up41), and:

1
2= E(f(urH»l - hf(urrH)) - f(”nJrl + hf(un+l)))»

and one gets the system of equations:

h
0=zo—h21—522—un,

0= f(z0) — z1,
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1 1
= if(zo —hz1) — Ef(zo + hz1) — 22,

so that its solution gives the terms that appear in (3.6).
If we rewrite this system as F (zo, 21, z2) = 0 with the function F defined by:

h
Fi(z0, 21, 22) z0 — hz) ~ 5% Un
F(z0,21,22) = | F2(20,21,22) | = f(z0) = 71 ,
F3(z0, 21, 22)

3f(zo—hz1) — 3 f(zo+hz1) — 22
then the corresponding Jacobian matrix (which is required so that Newton’s method can be
applied to this system) is now given by:

0F; 0F 0F;

dzo 071 @
0Fy, 0F, 0F>

dzp 0z1 022
0F3 0F3 0F3

9z0 9z1 022

JF (20, 21,22) =

1 —h —
= f'(z0) , -1 0
E(f/(zo —hz1) — f'(z0 + hz1)) —E(f’(zo —hz1) + f'(z0 + hz1)) —

N =

4.3 General number of scalar equations

Let us now consider the general case of a system of M scalar ordinary differential equations.
From (3.4), the approximate implicit Rth-order Taylor method can be written as:

. X (=h)t
wy = Tr(Upsr, ) =Y o o 4.5)
k=0 '
Yk,R j( h)
) =T YT B (Z @,,,n). (4.6)
J==Yk.R

Let us denote z; = (—h)k’lvk_h’n, so that (4.6) for k — 1 reads as:

Yk—1,R .
2k = Z ﬁfflR (z —hZzz>

J==Vk-L,R
and (4.5) as:

un—zo—hZ—zk

We define the function F = (Fy, F1, ..., FM)T ;o REFDM _ RERFDM 1y

Fo:=z0—h Z ka
@ Springer f DMAC
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Yk—1.R

k—1 .
Fo= Y Bty (z - Z% )—zk, k=1....R.

J=—Vk-1,R

To solve F(z) = 0 by Newton’s method, we compute the Jacobian matrix of F as the block
matrix:

Tr(z) = (Fivj(z))0<i,j<R’ where F; j(z) = 3 l
- J
If I5; denotes the M x M identity matrix, we get:

Foo=1uy,
h

For=—3Iu, 1=1,... R,
Vk—1,R .

Fk,(): Z ﬂklR ( —th) 1,...,R,
J==Yk—1.R

Vi-1R k=1 . 1

_ k—=1,R g J J l=1,...,k—1,

Fk,l——/’l' > B; f(m—th!zm)”, [kzl,...,R,
J==Vk-1,R m=1

Frr=—Iy, k=1,...,R
Fy; =0, I=k+1...,R, k=1,...,R.

Setting 8 = z"+*D — z(") e may write an iteration of Newton’s method as:
Tr@@)8" = —F ™).

In block form and dropping v, we get:

Foo Fop --- For do Fy
Fio Fiq--- Fip L F
Fro Fgry--- Frr| \Or Fpg

which we write in compact form as:

Foo Foir 30) (F())
00 =— : 47
|:F1:R,O Fl:R,l:R] <31:R Fir 7

Since Fi.g 1:r is blockwise lower triangular with the diagonal blocks given by —1I y, this
matrix is invertible and we deduce that:

d1r = —Fl_:}m;,g(F];R + F1:r,000),
which, when inserted into the first equation of (4.7), yields:
8o =—(Fo,o0— Fo,l:RFi}e,I;RFlzR,o)q(Fo — FO,IZRFilR’I:RFlZR)-
If we denote
A:=Fp xFir. B:=Fip . zFiro
then we can write:

8o =—(Foo— FO,l:RB)il(FO — Fo1:rA), 1. = —(A+ Bdy).
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Therefore, the system can be solved efficiently as long as Fo o — Fo,1.g B is invertible. Recall
that the Newton iteration only requires the computation of f and f’, in contrast with the
exact version, which requires the computation of all the derivatives of f up to order R.

4.3.1 Computational cost of AIT methods

From Sect. 4.3, we know that, for each iteration of Newton’s method, we need to compute
the vectors:

-1
80 =—(Fo,0— Fo,1.rB)” (Fo— Fo,1.rA), 81.r = —(A + Bdy),
where A and B are the matrices:
. -1 . —1
A= Fl:R,l:RFliR’ B = Fl:R,l:RFer,U

For the computation of A and B, we can exploit that Fi.g 1.g is a blockwise lower
triangular matrix with diagonal blocks given by —I j;. Hence, we can obtain for example B,
by a block forward substitution process, given by:

k—1
Bi=-Fio+Y FriBi, k=1,.. R

i=1

This algorithm requires (R> — R)/2 products of M x M matrices.

With respect to §g, the computation of Fy .z B requires R products of M x M matrices,
and its LU decomposition requires O(%M 3) scalar operations. Neglecting operations with
lower order cost in M, then, we obtain that the computation of § requires:

RP4+R 2\ 4
Cs := —
s < 2 +3>

scalar operations. Moreover, the formation of the blocks F; ; requires R? Jacobian matrices
of f, which yields, assuming a mean cost per entry of 8 scalar operations, RZM? g scalar
operations. In consequence, the (approximate) computational cost of each Newton iteration
for AIT methods is:

Carr = Cs + R?BM? =
AIT s+ R°B ( 5 3

RZ+R 2
i +7)M3+R25M2.

5 Numerical experiments
5.1 Preliminaries

In this section, the performance of the AIT methods is analyzed. We first compare the AIT
methods with their exact counterparts, I'T methods, of the same order. We have only compared
the AIT with the IT methods for scalar equations since the implementation for systems of
the IT methods is extremely involved. For linear scalar equations, the implementation for
any order is performed using (3.8). These methods are compared in terms of error, numerical
order, and computational time, using some scalar problems.

We then raise two initial-value problems for systems of equations. For those problems,
the AIT methods are compared with approximate explicit Taylor (AET) methods of the same
order (Baeza et al. 2017), so as to stress the superior stability of the implicit method. In all the
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numerical examples, we show the numerical errors, computed with L!'-norm, and the order
of the numerical method, computed by:

o(N) = log; (Je(N)/e(N/2)]),

with e(N) standing for the numerical error for N time steps.

5.2 Examples 1 and 2: scalar equations

In Example 1 we consider the linear equation:
u' = —5u + 5sin(2t) + 2cos(2t), u(0) =0, 5.1

with exact solution u(t) = sin(2¢). The results for IT and AIT methods for 7 = 5 and
orders R € {2,3,4,5,6} are collected in Table 1, where it can be seen that, with both
methods, the expected orders of convergence are recovered in all cases. Comparing with the
IT methods, we see that the approximate version attains the expected order faster than the
exact version, but produces a slightly bigger error for coarse resolutions. This fact is possibly
due to the simplicity of the equation under consideration, which produces a local truncation
error smaller than the error corresponding to the approximation of derivatives performed in
the AIT method and hinders the correct order of accuracy for the exact method whenever the
step size is not small enough.
In Example 2, we consider the more involved problem:

u—+ud+u’
=1 —_— ], 0) =1, 5.2
u °g<1+uz+u4+u6> u(0) (5.2)

and compute its solutionup to 7' = 1 for orders R € {2, 3, 4, 5, 6}. The solution computed by
the AIT method with R = 6 and a resolution of 20000 points is taken as reference solution.
We can see in Table 2 that the errors for both methods are similar and the numerical order
converges to the expected values in each case. In Fig. 1, we compare the errors obtained
by each method with respect to the CPU time required to run the algorithm (left) and with
respect to the discretization step considered /4 (right). It can be seen that the performance
is increasingly favorable to the approximate method as the order increases, as expected.
Note that, for cases R = 5, 6, although the errors are affected by MATLAB’s computational
error, it still can be seen that the AIT method overpowers the IT method in terms of the
computational time needed to obtain an approximate solution.

5.3 Examples 3 and 4: systems of ODEs

We consider now two problems modeled by systems of ODEs, used by Akinfenwa et al.
(2013) to test stability properties and accuracy. Example 3 is a stiff nonlinear problem given
by:

y' = —1002y + 10002, y(0) =1,

, (5.3)
7 =y—z(1+2), t>0; z(0) =1,

known as Kaps problem, with exact solution given by:

yit)y=e, z()=e",
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Table 1 Example | (linear scalar problem (5.1)): numerical errors and orders for IT and AIT methods

R=2
IT AIT
N e(N) o(N) CPU time e(N) o(N) CPU time
10 2.62e-02 - 8.5e-02 1.38e-02 - 2.1e-02
20 9.15e-03 1.52 3.5e-02 3.63e-03 1.93 2.6e-02
40 2.86e-03 1.68 3.8e-02 9.29¢-04 1.97 5.4e-02
80 8.15e-04 1.81 4.4e-02 2.35e-04 1.98 1.0e-01
160 2.19e-04 1.89 5.1e-02 5.90e-05 1.99 2.0e-01
320 5.70e-05 1.94 4.4e-02 1.48e-05 2.00 4.0e-01
640 1.45e-05 1.97 3.8e-02 3.70e-06 2.00 7.3e-01
R=3
10 1.30e-03 - 8.8e-02 6.21e-03 - 2.9e-02
20 2.88e-04 2.17 4.3e-02 9.52e-04 2.71 3.7e-02
40 4.43e-05 2.70 5.9e-02 1.31e-04 2.86 8.0e-02
80 5.84e-06 2.92 4.5e-02 1.71e-05 2.94 1.6e-01
160 7.37e-07 2.99 5.7e-02 2.18e-06 2.97 3.0e-01
320 9.19e-08 3.00 5.1e-02 2.76e-07 2.99 5.9e-01
640 1.15e-08 3.00 4.7e-02 3.45e-08 3.00 1.13
R=4
10 7.55e-04 - 9.9e-02 4.81e-04 - 5.4e-02
20 9.43e-05 3.00 5.9e-02 2.58e-05 4.22 7.8e-02
40 8.42e-06 3.48 5.3e-02 1.39e-06 4.22 1.4e-01
80 6.27e-07 3.75 6.1e-02 7.84e-08 4.15 2.8e-01
160 4.26e-08 3.88 4.6e-02 4.61e-09 4.09 5.4e-01
320 2.78e-09 3.94 5.2e-02 2.79%-10 4.05 1.03
640 1.77e-10 3.97 5.2e-02 1.71e-11 4.02 2.05
R=5
10 4.32e-05 - 1.4e-01 1.50e-04 - 8.9e-02
20 2.59¢e-06 4.06 6.6e-02 4.87e-06 4.94 1.3e-01
40 9.73e-08 4.73 7.3e-02 1.54e-07 4.98 2.2e-01
80 3.14e-09 4.95 5.5e-02 4.86e-09 4.99 4.3e-01
160 9.75e-11 5.01 5.8e-02 1.53e-10 4.99 8.6e-01
320 3.02e-12 5.01 5.6e-02 4.78e-12 5.00 1.66
640 9.41le-14 5.00 6.9¢e-02 1.50e-13 5.00 3.29
R=6
10 1.59¢-05 - 1.2e-01 1.35e-05 - 1.2e-01
20 5.51e-07 4.85 1.2e-01 1.56e-07 6.43 1.7e-01
40 1.25e-08 5.46 5.7e-02 1.88e-09 6.38 3.3e-01
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Table 1 continued

R=6
80 2.33e-10 5.75 6.9¢-02 2.45e-11 6.26 6.4e-01
160 3.96e-12 5.88 5.9¢-02 3.43e-13 6.16 1.30
320 6.47e-14 5.94 7.1e-02 5.11e-15 6.07 2.52
640 9.99¢-16 6.02 7.1e-02 1.11e-16 5.52 5.04

Table 2 Example 2 (nonlinear scalar problem (5.2)): numerical errors, orders, and computational time (in
seconds) for IT and AIT methods.

R=2

IT AIT
N e(N) o(N) CPU time e(N) o(N) CPU time
10 1.21e-03 - 3.0e-02 1.23e-03 - 4.0e-02
20 2.90e-04 2.06 6.0e-02 2.93e-04 2.07 4.0e-02
40 7.09e-05 2.03 6.0e-02 7.12e-05 2.04 4.0e-02
80 1.75e-05 2.02 6.0e-02 1.76e-05 2.02 5.0e-02
160 4.36e-06 2.01 0.11 4.36e-06 2.01 6.0e-02
320 1.09e-06 2.00 0.10 1.09e-06 2.00 0.11
640 2.71e-07 2.00 0.16 2.71e-07 2.00 0.21
1280 6.77e-08 2.00 0.26 6.78e-08 2.00 0.37
2560 1.69e-08 2.00 0.48 1.69e-08 2.00 0.75

R=3

10 7.52e-05 - 4.0e-02 5.35e-05 - 4.0e-02
20 8.75e-06 3.10 6.0e-02 5.95e-06 3.17 4.0e-02
40 1.05e-06 3.05 8.0e-02 7.00e-07 3.09 4.0e-02
80 1.29e-07 3.03 9.0e-02 8.49e-08 3.04 5.0e-02
160 1.60e-08 3.01 0.12 1.04e-08 3.02 9.0e-02
320 1.99e-09 3.01 0.18 1.30e-09 3.01 0.13
640 2.49e-10 3.00 0.32 1.61e-10 3.01 0.25
1280 3.1le-11 3.00 0.51 2.0le-11 3.00 0.46
2560 3.88e-12 3.00 0.81 2.51e-12 3.00 0.9

R=4
10 5.78e-06 - 6.0e-02 4.93e-06 - 3.0e-02
20 3.30e-07 4.13 0.11 2.44e-07 4.34 4.0e-02
40 1.97e-08 4.07 9.0e-02 1.36e-08 4.17 7.0e-02
80 1.20e-09 4.03 0.14 8.00e-10 4.08 7.0e-02
160 7.43e-11 4.02 0.23 4.86e-11 4.04 0.19
320 4.62e-12 4.01 0.76 3.00e-12 4.02 0.19
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Table 2 continued

R=4
640 2.87e-13 4.01 0.66 1.88e-13 4.00 0.33
1280 2.33e-14 3.62 1.28 1.47e-14 3.68 0.63
2560 5.66e-15 2.04 2.17 3.77e-15 1.96 1.27
R=5
10 4.52e-07 - 0.13 8.25e-07 - 3.0e-02
20 1.26e-08 5.17 0.18 2.31e-08 5.16 6.0e-02
40 3.71e-10 5.09 0.20 6.87e-10 5.07 6.0e-02
80 1.12e-11 5.04 0.30 2.10e-11 5.03 9.0e-02
160 3.42e-13 5.04 0.48 6.53e-13 5.01 0.13
320 4.55e-15 6.23 0.87 2.23e-14 4.87 0.23
640 8.88e-16 2.36 1.59 1.55e-15 3.84 0.46
1280 2.33e-14 -4.71 3.11 2.00e-15 —0.36 0.87
2560 4.22e-15 2.47 6.09 2.44e-15 —-0.29 1.69
R = 6
10 3.89e-08 - 2.04 1.52e-07 - 4.0e-02
20 5.26e-10 6.21 1.26 1.35e-09 6.81 6.0e-02
40 7.62e-12 6.11 1.34 1.67e-11 6.33 8.0e-02
80 1.17e-13 6.03 1.50 2.19e-13 6.26 0.11
160 4.44e-15 4.72 1.97 1.11e-16 10.94 0.20
320 2.11e-15 1.07 2.94 2.22e-15 —4.32 0.34
640 8.88e-16 1.25 4.92 6.66e-16 1.74 0.64
1280 2.33e-14 -4.71 8.87 2.00e-15 —1.58 1.27
2560 3.55e-15 2.71 16.6 2.44e-15 —0.29 2.47

which is independent of the stiffness parameter, k =

—1000 in this case. We compare the
solutionat T = 5 for the approximate implicit (AIT) and approximate explicit (AET) methods
of the same order. Both schemes recover the expected order, the implicit one achieving it at
early stages, see Table 3. Note that the explicit scheme does not attain good results in terms of
accuracy, unless meshes with more than 2000 points are used. The implicit scheme achieves
the same error level as the explicit one with meshes with approximately 4 times less nodes.

Finally, in Example 4, we consider the system of ODEs:

x' = —21x + 19y — 20z,
"=19x — 21y + 20z,

~
|

7 =40x — 40y — 40z, t > 0;

x(0) =1,
y(0) =0, 54
z(0) = -1,

also taken from Akinfenwa et al. (2013) and whose exact solution is given by:

1

x(t) == (7 + e (cos(40r) + sin(40r))) ,

() =

N — N

(e_z’ — e~ (cos(40t) + sin(40t))) ,

2(t) = — e 4% (cos(40t) — sin(40¢)).
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Fig. 1 Example 2 (nonlinear scalar problem (5.2)): performance of the IT and the AIT methods
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Table 3 Example 3 (stiff nonlinear problem (5.3)): numerical errors and orders for AIT and AET methods

R=2 R=3
AIT AET AIT AET
N e(N) o(N) e(N) o(N) e(N) o(N) e(N) o(N)
80 2.12e-05 1.93 NaN - 3.31e-07 2.92 NaN -
160 5.43e-06 1.96 NaN - 4.24e-08 2.96 NaN -
320 1.37e-06 1.98 NaN - 5.37e-09 2.98 NaN -
640 3.45e-07 1.99 NaN - 6.76e-10 2.99 NaN -
1280 8.66e-08 1.99 NaN - 8.47e-11 2.99 NaN -
2560 2.17e-08 1.99 1.03e-07 NaN 1.06e-11 2.99 4.60e-11 NaN
5120 5.42e-09 1.99 2.34e-08 2.13 1.32e-12 2.99 5.75e-12 3.00
10240 1.35e-09 1.99 5.84e-09 2.00 1.66e-13 2.99 7.18e-13 3.00
R=4

80 4.13e-09 3.92 NaN -
160 2.65e-10 3.96 NaN -
320 1.68e-11 3.98 NaN -
640 1.05e-12 3.98 NaN -
1280 6.65¢e-14 3.99 NaN -
2560 4.17e-15 3.99 1.07e-13 NaN
5120 2.70e-16 3.94 5.65e-15 4.24
10240 1.95e-17 3.79 3.33e-16 4.09
Table 4 Example 4 (stiff linear problem (5.4)): numerical errors and orders for AIT and AET methods

R=2 R=3

AIT AET AIT AET
N e(N) o(N) e(N) o(N) e(N) o(N) e(N) o(N)
10 5.94e-05 2.20 3.39¢24 - 9.59¢-06 2.45 1.24e34 -
20 1.52e-05 1.96 3.93e37 -43.40 1.62e-06 2.56 4.38e50 -54.97
40 4.10e-06 1.89 4.11e50 -43.25 2.42e-07 2.73 4.96e63 -43.37
80 1.08e-06 1.91 2.99e46 13.75 3.34e-08 2.86 1.16e46 58.57
160 2.82e-07 1.94 3.37e-03 162.6 4.39¢-09 2.92 3.41e-03 161.2
320 7.22e-08 1.96 7.07e-04 2.25 5.63e-10 2.96 2.03e-04 4.07
640 1.82¢-08 1.98 1.67e-04 2.08 7.12e-11 2.98 1.95e-05 3.38

R=4 R=5
10 1.69e-06 3.05 3.29e42 - 2.70e-07 3.86 9.71e49 -
20 1.56e-07 3.43 1.43e61 -61.91 1.28e-08 4.39 5.80e69 -65.69
40 1.20e-08 3.70 1.01e72 -36.05 4.97e-10 4.69 3.26e76 -22.42
80 8.32¢-10 3.85 9.17¢37 113.1 1.72e-11 4.84 4.03e19 189.0
160 5.48e-11 3.92 7.99¢-04 136.4 5.69e-13 4.92 2.66e-04 77.01
320 3.51e-12 3.96 3.46e-05 453 1.82e-14 4.96 5.26e-06 5.66
640 2.22e-13 3.98 1.73e-06 4.32 5.79%-16 4.98 1.29e-07 5.35
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Fig.2 Example 4 (stiff linear problem (5.4)): performance of the AET and the AIT methods

As in the previous example, the explicit scheme needs more nodes to achieve the same error
level as the implicit scheme. For instance, the explicit scheme needs about 64 times more
nodes, N = 320, to obtain the same errors that the implicit scheme attains with N =5, see
results in Table 4 and Fig. 2, proving that the use of the implicit scheme is more appropriate
when dealing with stiff problems.

6 Conclusions

This article is part of ongoing work to develop high-order efficient approximate Taylor ODE
solvers. We have reviewed the exact implicit Taylor methods for ODEs and introduced a novel
strategy that allows to implement them systematically, although at the cost of differentiating
the function in the ODE up to the order of the method.

On the other hand, using the same strategy that led to approximate explicit Taylor meth-
ods for ODEs, we define approximate implicit Taylor methods, whose only requirement is
the knowledge of function derivatives to build the Jacobian matrix of auxiliary systems of
nonlinear equations, to be solved by Newton’s method.

While the numerical results essentially confirm that the novel approach introduced in this
work outperforms the exact version in terms of performance, this is not true for low-order
accuracy, as it was expected. The AIT methods are therefore expected to be useful in the
context of ODE:s that require to be solved through a very-high-order implicit scheme.

Finally, it is worth pointing out that it is our purpose to further extend this analysis in the
context of PDEs, where implicit methods are needed in some underlying problems related
with them. High-order methods are being increasingly more demanded to accurately solve
some of these problems, and therefore, the AIT methods may become useful in that context.
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