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Abstract

We derive exponentially fitted two-step Runge-Kutta methods for the numerical solution of y' = f(x,y), specially
tuned to the behaviour of the solution. Such methods have nonconstant coefficients which depend on a parameter to
be suitably estimated. The construction of the methods is shown and a strategy of parameter selection is presented.
Some numerical experiments are provided to confirm the theoretical expectations.
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1. Introduction

It is the purpose of this paper to introduce a family of exponentially-fitted numerical methods for the solution of
ordinary differential equations (ODEs)

{ Y (X) = f(x,y(x)), x € [x0,X], (L1)

y(x0) = yo € RY,

where f : [x0, X] x RY — R is a sufficiently smooth function ensuring that the corresponding problem is well posed.
The class of methods we aim to consider is the family of two-step Runge-Kutta methods

Yue = Oyt + (L= 0y, +h Y (vif (M w f(r),
1

T (1.2)
Y = iy + (U= )y +h ) (@ FV) + by (V).
j=1
withi=1,2,...,m. In (1.2), y, is an approximation of order p to y(x,), x, = xo + nh, and Yi[”] are approximations of
order g to y(x,_; + c;h), i = 1,2,...,m, where y(x) is the solution to (1.1) and ¢ = [cy,...,c,]" is the abscissa vector.

TSRK methods (1.2) can be represented by the abscissa vector ¢ and the table of their coefficients
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The peculiarity of two-step Runge-Kutta methods (1.2) lies in their dependency on the stage derivatives at two
consecutive step points: as a consequence, “we gain extra degrees of freedom associated with a two-step scheme
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without the need for extra function evaluations” (see [30]), because the function evaluations f (Yj[."_l]) are completely
inherited from the previous step and, therefore, the computational cost of these formulae only depends on the structure
of the matrix B. The achieved degrees of freedom can be used in order to improve the properties of existing one-step
methods, especially in terms of order of convergence and stability.

Two-step Runge-Kutta methods (1.2), introduced by Jackiewicz and Tracogna [30], have been extensively inves-
tigated by several authors: there is a rich bibliography on TSRK methods (fully referenced in the monograph [33])
regarding, for instance, the derivation of general order conditions by means of Albrecht approach [30], Butcher trees
[7] and B-series [25], the estimation of the local truncation error [2, 43], technical issues for a variable stepsize-
variable order implementation of TSRK methods [2, 21, 31, 32, 43], A-, L- and algebraically stable TSRK methods
for the numerical treatment of stiff problems [11, 12, 19, 21], derivation of continuous extensions for TSRK methods
[3, 5, 31] and the development of the family of collocation based TSRK methods [12, 16, 20, 21, 22]. These methods
have also been introduced in the context of Volterra integral equations [13, 15] and delay differential equations [1, 4].
However, up to now, nothing has been said concerning the development of TSRK methods based on functions other
than algebraic polynomials.

Within the class of TSRK methods (1.2), we aim to introduce a family of formulae with nonconstant coefficients
aiming to solve problems (1.1) whose solutions exhibit a prominent exponential behaviour. Classical numerical meth-
ods for ODEs may not be well-suited to follow a prominent exponential or oscillatory behaviour of the solutions,
because a very small stepsize would be required, with corresponding deterioration of the numerical performances, es-
pecially in terms of efficiency. One of the possible ways to proceed in order to derive numerical methods particularly
tuned to the behaviour of the solution can be realized by imposing that a numerical method exactly integrate (within
the round-off error) problems of type (1.1) whose solution can be expressed as linear combination of functions other
than polynomials: this is the spirit of the exponential fitting (EF) technique (see [9, 10, 18, 23, 27, 28, 36, 41, 45, 46]
and the monograph [29] together with the references therein contained), where the adapted numerical method is
developed in order to be exact on problems whose solution is linear combination of the following basis functions:

{Lx,..., xX, exp (xux), xexp (xux), ..., xP exp (xux)},

where K and P are integer numbers. When K = 0 and u is a complex value, the oscillatory case is also recovered.

The aim of this paper is the derivation of EF-based methods within the class (1.2), depending on the value of
a parameter to be suitably determined. Such value would be known only if the analytic expression of the exact
solution could be given in advance, which is in general an unrealistic requirement. However, an approximation to the
unknown parameter can also be experimentally found: nevertheless, in many cases, even when it would be possible
to approximate or measure the value of the parameter through suitable experiments, the derived value would anyway
suffer from the presence of errors. If the value of the parameter is not determined with a sufficient level of accuracy,
the performances of the corresponding EF-based numerical method would be subject to a relevant deterioration.

The estimation of the unknown parameter is, in general, a nontrivial problem. In fact, up to now, a rigorous theory
for the exact computation of the parameter has not yet been developed, but several attempts have been done in the
literature (see, for instance, [27, 29] and references therein contained) in order to provide an accurate estimation,
generally based on the minimization of the leading term of the local discretization error. This is essentially the
strategy we will follow in this paper in order to determine an approximation to the parameter, in such a way that the
performances of the corresponding adapted methods are not dramatically compromised by the lack of knowledge of
the exact value of the parameter.

The paper is organized as follows: in Section 2 we present the constructive technique of adapted TSRK methods;
Section 3 approaches the problem to estimate the unknown parameter on which the coefficients of the methods depend,
while in Section 4 we analyze the linear stability properties of the derived methods. Finally section 5 provides
numerical tests confirming the theoretical expectations. Section 6 contains some conclusions and further developments
of this research. The paper concludes with an appendix, containing a MATHEMATICA script for the generation of a
family of adapted TSRK methods.

2. Derivation of the methods

This section is devoted to the presentation of the constructive technique leading to our class of special purpose
TSRK formulae. Since we aim to obtain exponentially fitted TSRK methods, we adapt to our purposes the six-
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step procedure introduced by Ixaru and Vanden Berghe in [29]. This procedure provides a general way to derive
EF formulae whose coefficients are expressed in a regularized way and, as a consequence, they do not suffer from
numerical cancellation.

In agreement with this procedure, we first associate to the method (1.2) the following set of m + 1 functional
operators

Llhaly(x) = ylx+h)-0y(x—h)—(1-0yx)—h Z (viy' (x + (¢; = Dh) + wiy' (x + ¢;h)), (2.3)
i=1
Li[h,bly(x) = y(x+cih)—uy(x—h)— 1 —u)y(x)—h Z (aijy’ (x + (cj = Dh) + b;jy'(x + ¢ ;h)),  (2.4)
J=1
i=1,...,m, where

a:[@ vT WT], b:[uAB].
Then, the constructive procedure consists in the following six steps.

o step (i) Computation of the classical moments. We apply the linear operators (2.3) and (2.4) to the monomials
x?,4g=0,1,..., obtaining

Llh,alx! = hL(a),
Li [h9 b]xq = thTq(b)’
where
Lia = 1+(-D"o- qZ(vi(ci - DT wie?™, g = 0,1, (2.5)
i=1
L) =+ D"y - qZ(a,»j(cj -1ty b,»jcj“), i=1,...,m,qg=0,1,..., (2.6)

J=1
are the so-called reduced classical moments (compare [29]).

o step (ii) Compatibility analysis. We examine the linear systems

Lia = 0,g=01,....M -1, Q.7)
L, = 0,i=1...,mq=01,....M-1 (2.8)

to determine the maximal values of the integers M and M’ such that the above systems are compatible. We
define the following recursive relation

-1y
oG = S
J (2.9
rO() = r () = DG = Dy,
fork,j=1,2,...,2m, where
_Joa-1, k=1,2,...,m,
dk_{ Chem>» k=m+1,...,2m. (2.10)

Then the following result holds.

Theorem 2.1. Assume M = M’ = 2m + 2, ¢; # cj, ¢; # cj — 1 for i # j and, moreover, that r(k)(j) + 0,
k,j=1,2,...,2m. Then the linear systems (2.7) and (2.8) admit an unique solution.



Proof: In correspondence of the value M = 2m+3, the system (2.7) in the unknowns 60, v; and w;, i = 1,2,...,m,
takes the form

Ly(a) =0,

Li@=1+60-3" (vi+w)=0,

Li@) =1-0-23%" (vi(ci— 1)+ wic;) =0,

Ly @=1+0-C2m+ 1Y (vi(c; = D™+ wic?™) =0,
or, equivalently,
0—2r vi+w)=-1,
—0-237" (vilci = 1) +wicy) = =1,

0—-C2m+1) 3" (vi(ei — 1)>" + w,-c?’") =-1,

which is a linear system with coefficient matrix

1 -1 -1
-1 -2d, —2d>,,
H= :-_ .:‘71 : .:‘71 )
(=171 —Jjd| -jd;,.
I —@m+ D . —@m+ Dd |

where

di= cj—1, 1<j<m,
T ¢ m+1<j<2m.

In order to achieve the thesis, we need to prove that the matrix H is nonsingular by computing its determinant.
Using the elementary properties of determinants (compare [34]), we obtain

detH = 2m + 1)! det H’

where
HO(1) -1 ... -1
r(o)(Z) dl e dzm
H = - T L
rO3) d{ .. dém
| FXOQm+ 1) d%’” ... d%r’;’ |

where rO(j) = (=1)/~!. H" is now clearly of Vandermonde type, except the first column: in order to compute its
determinant, we can apply with suitable modifications the procedure introduced to compute the determinant of
the Vandermonde matrix [35]. By means of 2m switches, we can put the first column of H’ in the last position,
obtaining the matrix

-1 ... -1 O
dl e dzm r(o)(2)
Hu — j_ . j_ . ) ,
alt a0
| df’” dﬁ,’Z rOQm+1) |



which satisfies det H” = det H’. As a consequence, det H = (2m + 1)!det H”. We now aim to compute the
determinant of H””. We subtract d; times the first row from the other 2m rows, obtaining the matrix

[ -1 -1 -1 rO1)
0 dz—dl dzm—dl r(o)(Z)—r(O)(l)dl
0 d&E-didy ... & —didon r0@3) - 22y,
0 & '-ad? ... &l -did? rOG-1)-r03G-2)4d,
0 dm-dd' ... d&"-did2 FOCm) - rOQm-1yd; |

whose determinant is equal to the opposite of the determinant of the matrix

dy —d; cee dyp—dy FD(2)
dy(dy —dy) ... dop(dom—d) TV Q3)
B2 Ndy—dy) ... &Ny —d) rV2m)

where
DG =G - OG- d,  j=2,.2m.

As a consequence, we obtain

1 e 1 Q)
dy ... duy rH(3)
detH” = —(dy — dy)(d5 — dy) ... (doy — dy) - det : ,
dgfh—l ) dg;i;—' rD(2m)
and, iterating this process, we get
detH” =- [] (d—dpr®"@m),

1<i<k<2m
where
rm D @2m) = r2m D 2m) - r*" 2 2m - Ddoy-y .

According to the hypothesis, it is #*"~Y(2m) # 0 and, as a consequence, it follows that H” is nonsingular and,
finally, that H is nonsingular. By analogous arguments, we obtain that the system (2.8),i = 1,2, ..., m, assumes
the form

u; — X (aij + bij) = —ci,

—ui = 235 (@ij(cj = 1) + bije)) = =cf,

u; — (2m + 1) Z;f'zl(aij(cj - 1)2m + bijcim) = _ci2m+l7

and its coefficient matrix is the matrix H. Therefore, the same analysis as previous holds. O

e step (iii) Computation of the G functions. In order to derive EF methods, we need to compute the so-called
reduced (or starred) exponential moments (see [29], p. 42), i.e.

Ey(+z,a)
Ej,(+z,b)

exp(xux)L[h, a] exp(£ux), 2.11)
exp(xux)Li[h,blexp(zux),i=1,...,m. 2.12)
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Once the reduced exponential moments have been computed, we can derive the G functions, defined in the
following way:

Grzw = S(Eeh+Eab) izl
Gz = o (Eem-Eyam) i1
G'(Za) = %(Eg(z,a)+E(’§(—z,a)),
Gz = o(Eiea-E-zw)

where Z = 72. In our case, the G functions take the following form

G'(Za) = na@ -2 -2 (vilci = Dnol(ei = 1)’2) + wican(c}2)) = (1 - 0),
i=1
G (Za) = @) +omZ) - (vl = 172) + win1(}2)),
i=1
GH(Zb) = na(]2) —un(Z)— (A —u)=Z ) (aijlc; — Dno((c; = 1)°Z) + bije;mo(c32))

j=1

m

Gi(Zb) = (2 +umyZ) = (agni((e; = 12) + b 1(32)).
j=1

We observe that the above expressions depend on the functions 1_1(Z) and 19(Z) (compare [28, 29]), which are
defined as follows: when Z is real, they assume the form

sin(Z|»/12|'? itz <0
, 02 = 1 ifZ=0 ,

sinh(Zz'»/Z'? it Z>0

cos(1Z|'?  ifZ<0
n-1(£) = e
cosh(Z'?) ifZ>0

while, when Z is complex, they take the form

7 iz - sin(iz"/*)/z'*  ifZ+#0
- = cos(i , N = >
! 0 1 ifZ=0

or, equivalently,
1

14(2) = Slexp(Z) + exp(-Z' )] UO(Z):{ 2z PE ) ~expZIO) 220

1 ifZ=0

We next compute the p-th derivatives G** ) and G ), taking into account the formula for the p-th derivative of
m(Z) (see [29])

1
n(z) = 25 e (2).



and obtain

1-6 S d

G*P(z.) =53¥w4a—2@@,n—{mwa—na%wqﬂ(mw%w
i=1

1+6 dr
Pz = - }](wdzpnl(w,—1)2>+vwd pn4of2ﬂ,
GrPzb) = Czp (22)+ 2) - Z aii(c;— )d (Z ((c; —1)22))+b o & (z (ci—1) Z))
i > - zpnp 1 np 1 ij\Cj d7zp 1o J ij jd 1o j

2p+1
G/"zb) = pn@)+ ~=1p(Z) = Za‘lmw D%Hbd:mwa
P ! 20’ Ydzp Ydzp

step (iv) Definition of the function basis. We now consider the choice of the basis functions to take into account,
i.e. we choose the set of functions annihilating the linear operators (2.3) and (2.4). As a consequence, the
corresponding method exactly integrates all those problems whose solution is linear combination of the chosen
basis functions. In general, the set of M functions is a collection of both powers and exponentials, i.e.

{1,x,..., XX, exp(xux), x exp(£ux), ..., X exp(xux)}, (2.13)
where K and P are integer numbers satisfying the relation
K+2P=M-3=2m-1. (2.14)
Let us next consider the set of M’ functions
(1,x,..., x5, exp(ux), xexp(xux), . .., x7 exp(xux)}, (2.15)

annihilating the operators £;[h,b]y(x), i = 1,2,...,m, and assume that K’ = K and P’ = P, i.e. the external
stages and the internal ones are exact for the same basis functions.

step (v) Determination of the coefficients. After a suitable choice of K and P, we next solve the following
algebraic systems:

G;t(P) (Z, a)
Gi(P) (Z, b)

0,i=1,....m, p=0,...,P,
0, p=0,..,P

In the numerical experiments we will consider EF-based TSRK methods (1.2) withm =2, K = land P = 1,
i.e. we choose the function basis
{1, x, exp(£ux), x exp(xux)}. (2.16)

The coefficients of the resulting methods are reported in the appendix.

step (vi) Error analysis. According to the six-step procedure [29], the expression of the local truncation error
for an EF method with respect to the basis of functions (2.13) takes the form

Ly, (a(2))

EF( N _ (_1\P+1 M
1teEF (x) = (=1)P*'h e

DMY(D - P y(w), (2.17)

with K, P and M satisfying the condition (2.14).

For the sake of completeness, we remark that this expression of the local truncation error can be derived by
using the approach of Coleman and Ixaru [9], who provided an adaptation of the theory by Ghizzetti and
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Ossicini (1970) to the case of EF-based formulae. This approach consists in regarding the error associated to
an EF-based formula as

h
Ely] = L[yI(£) f \ D(x)dx,

where & € (—h, h) and, in our case, L[y] = D*!'(D — u)’*'y(x). We observe that the kernel ®(x) is an even
function in the null space of L. The analysis of the local error associated to the developed test case K = P = 1,
introduced in step (v), is reported in the Appendix.

The local error analysis also provides a starting point for the estimation of the unknown parameter ¢ which is, in
general, a nontrivial problem. In fact, up to now, a rigorous theory for the exact computation of the parameter u
has not yet been developed, but several attempts have been done in the literature in order to provide an accurate
estimation (see [29] and references therein), generally based on the minimization of the leading term of the
local discretization error. Our attempts to estimate the unknown parameter is described in the following section.

3. Parameter estimation

Step (vi) of the constructive strategy described in Section 2 provided us the expression of the local truncation error
Ly, (a(2))
(K + 1)1zP+1

We aim to estimate the value of the parameter y that annihilates or minimizes the leading term of (3.18), by solving
the equation

ItefF (x) = (=P 'pM DMU(D — )P y(x). (3.18)

DX YD — up™y(x)) = 0, (3.19)

where u; is an approximation to the unknown parameter u in the point x; of the grid. We observe that (3.19) is a
nonlinear equation of degree P + 1 in u;: if P = 0, (3.19) assumes the form

(DX — ;D" y(x)) = 0,

whose unique solution is
~ DK+2y(xj)
DK+1 y( xj) ’

while, for any P > 1, Equation (3.19) admits P + 1 solutions among whom we aim to search for the best approxi-
mation of the unknown parameter. In order to determine such an appropriate and reliable estimation to the unknown
parameter, we follow the lines drawn in [27] in the case of two-point boundary value problems.

In particular, we first analyze the solutions of (3.19) when the solution y(x) belongs to the fitting space: for
instance, we assume that

n (3.20)

y(x) = xlet,
The following result holds

Theorem 3.1. Assuming that y(x) = x9e"~ is solution of the problem (1.1), then v = u is a root of multiplicity P—q+ 1
of (3.19).

Proof: In correspondence of y(x) = x%et"* = DZe”x, Equation (3.19) assumes the form
DD (D, — v e = 0,

or, equivalently,
DX DI — v)PHler = 0. (3.21)

We observe that v = u is a root of multiplicity P + 1 of (3.19). Therefore, after g differentiations, we obtain that v = u
is a root of multiplicity P — g + 1 of (3.21). O



The above theorem can be interpreted as follows: by denoting the left hand side of (3.19) as p(u;), if the
solution y(x) to the problem (1.1) belongs to the fitting space, then by solving the nonlinear equations p‘©(u) = 0,
POy =0, ..., pP=4*D(u) = 0 we will obtain a constant solution overall the integration interval for each equation,
which will next be chosen as approximation to the unknown parameter u. On the contrary, if we obtain a nonconstant
solution for the above equations, i.e. values of y; varying along the integration interval, we can next conclude that the
function y(f) does not belong to the fitting space and we will assume as approximation to the parameter u the smallest
modulus, in order to avoid inaccurate results due to numerical instability.

This approach for the estimation of the unknown parameter will next be applied to some test cases reported in
Section 5.

4. Linear stability analysis

In this section we aim to carry out the linear stability analysis of the adapted formulae (1.2), by considering the
linear scalar problem
Y =y,

where A is a complex parameter such that Re(1) < 0. We recall that, for TSRK methods (1.2), the stability matrix
assumes the form ([33])

1-0+ww’Ow)e—u) 0+ ww Qwu wh + ww! Q(w)A)
M(w,z) = 1 0 0 € ROm2xm+2) (4.22)
O(w)(e — u) O(w)u wO(w)A

where w = Ah € C and Q(w) = (I — wB)~'. This matrix is then used in order to determine the three-dimensional
stability region (compare with [17]) in the parameter space (Re(w), Im(w), z), thus extending a concept introduced in
[10] for second order differential equations coherently with the following definition.

Definition 4.1. The region of the three-dimensional (Re(w), Im(w), z) space on which the inequality
pPM(w,2) <1, (4.23)
is satisfied is called a region of stability Q for the method (1.2).

Some examples of stability regions are reported in the appendix.

5. Numerical results

We now present some numerical experiments in order to test the performances of the derived methods on some
differential problems (1.1). Such numerical evidence is based on the implementation of the following methods:

e EF5: exponentially-fitted TSRK method (1.2), which can be generated using the MATHEMATICA script,
reported in the appendix. This method has order and stage order 5, and depends on the value of the parameter
U to be estimated;

e TSRKS: two-stage TSRK method (compare with [16]) with abscissa vector ¢ = [1/2, 117 and Butcher tableau

AL [ 39 9 |11 _ 3
232 464 29 464 232
Al B 1| 4 4l u
= 29 87 29 29 87 s
VT WT
1 . 4 4|20 14
29 87 29 29 87

of order and stage order 5, with constant coefficient matrices.



As far as EF5 is concerned, with the aim to apply the strategy described in Section 3 for the selection of the
parameter u, we will treat Equation (3.19) not only by exactly computing the values of the derivatives appearing in such
equation through the required evaluations of the f function, but also, for the sake of comparison, by approximating
them through backward finite differences in the following way

1 « fr
(r) ~ —1) .
Y (Xne1) & = go( 1)(l.)yn-,- (5.24)

We observe that both methods possess the same order and stage order and, due to the equal number of stages,
they have the same computational cost. We implement both methods in a fixed stepsize environment, with stepsize
h = 1/2%, with k positive integer number. Similarly as in [26], in order to reduce the influence of round-off errors, we
have reformulated the implemented methods as follows

Z =y ay f@ T+ Gy + (L= 0)y) + h ) by FZI + Oy, + (1= )y,
= . =1 " (5.25)
Yn+l = Qyn—l + (1 - G)yn + hz ij(Z[n_]] + Hy”_l + (1 - Q)yn) +h Z ij(Z["] * gyn_l * (1 N H)yn),
j=1 j=1
where
Zl[n] — Yi[n] _ 9}’11—1 —(1- Q)yn,

i=1,2,...,m, and solved the nonlinear system in zln

; with Newton iterations.

We apply the above methods on the following problems:

e Problem 1. The Prothero-Robinson equation [39]

{ Y (x) = e(y(x) = F(x)) + F'(x), x€][l,5],
y(x0) = Yo,

where Re(g) < 0 and F(x) is a slowly varying function on the integration interval. In our experiments, we have
considered F(x) = xe~>* and y, such that the exact solution is y(x) = xe~>*. As observed by Hairer and Wanner
[26] in the context of Runge-Kutta methods this equation provides much insight into the behaviour of numerical
methods for stiff problems. This equation with F(x) = e~>*, was also used by Butcher [6] to investigate order
reduction for m-stage Runge-Kutta-Gauss methods of order p = 2m;

e Problem 2. The nonlinear system

Y1) = =y1(0) + y2(0)(1 = y1(x) = y2(x)),  x € [1,2],

X

5(x) = y1(x) = y2(0)(1 = y1(x)) — e,

1
yi(xo) = = y2(x0) =0,
whose exact solution is y(x) = [e™*, 0]”. This problem provides the nonstiff version of the system considered in
[24].

We observe that the exact solutions of both problems belong to our chosen fitting space (2.16) and, therefore, EF5
method is able to exactly integrate them, within the round-off error. Of course, in order to apply such method, an
estimation to the parameter u on which it depends is required: even if in the considered test cases the exact solution
is given (and, therefore, the value of the parameter is known), we assume that the exact value of the parameter cannot
be a priori recognized. In order to derive an estimate to such value, we apply the approach for the parameter selection
reported in Section 3, with the aim to test its effectiveness.

Numerical results are collected in tables which report, for the EFS method,
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EF5 TSRKS5

h efX(T) ehDER(T) e/?ER(T) ehDIFF(T) e/l,z)IFF(T) eZ:SRKS(T)

1/2% | 9.74e-13 | 1.69e-12  1.30e-8 | 4.07e-4 291e-1 3.0le-6
1/2° | 7.16e-16 | 1.19e-15 2.50e-10 | 9.94e-8 1.43e-1 3.71e-8
1/2% | 2.39¢-16 | 2.39e-16  3.26e-12 | 5.31e-10  6.52e-2 | 7.51e-10

Table 1: Numerical results for Problem 1

o the value efX (T') of the global error at the endpoint of integration, when the exact value of y is used;

o the value e,?ER(T) of the global error at the endpoint of integration, when the estimation of y is obtained by

solving Equation (3.19) using the exact values of the involved derivatives, through the evaluation of the f
function;

e the (relative) error e/?ER(T) associated to the estimated parameter by using exact derivatives in (3.19);

e the global error e/’**(T) in the endpoint of integration, when the derivatives involved in Equation (3.19) are
approximated by means of backward finite differences;

o the (relative) error efIF F(T) associated to the estimation of the parameter by approximating the derivatives in
(3.19) through backward finite differences.

For the TSRK5 method, the tables report the value e; S*3(T) of the global error at the endpoint of integration.

Concerning Problem 1, taking into account the expression (6.28) of local truncation error associated to the EF5
method, the approach described in Section 3 suggests us to assume as objective functions to be annihilated at each
step point the algebraic polynomials

PP = DAD =y _ = (D = 2D + (2 D)y _

(5.26)
pPu) = D*(D - /1)3y(x)|x:x = (D’ - 3uD* + 3u*D? - ;PDZ)y(x)'H ,

in the unknown u, assuming that x, is the current step point. We denote as u, the selected value of the parameter
at the step point x,, which is the minimum root among the zeros of p"’(u) and p®(u) derived by using the Matlab
command roots. Table 1 shows the obtained results, associated to the value € = —10.

The numerical evidence confirms that the method EF5 is able to exactly integrate this problem within round-off
error, since its solution falls in the fitting space, and shows better accuracy with respect to the TSRKS5 method. The
approach described in Section 3 provides a reliable estimation to the parameter u, which does not deteriorate the
performances of the EFS method. At this stage we want to remark that the knowledge of a reasonably accurate value
of the parameter is necessary in order to avoid a dramatical deterioration of the performance of the method. To support
this thesis, we focus on the errors reported in Table 1 obtained when the derivatives in (5.26) are approximated by
finite differences. In this case, due to the low accuracy in the derivatives approximation, the corresponding inaccurate
estimation to the unknown parameter causes a relevant deterioration to the performances of the EF5 method, which
are even worse than the ones of the constant coefficient TSRKS method. This also confirms the importance to reliably
estimate the parameter on which the coefficients of an EF-based method depend on.
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EF5 TSRKS

h e}E[X(]*) ehDER(T) e/?ER(T) ehDIFF(T) eI?IFF(T) eIY;SRK5(T)

1/23 | 2.71e-14 | 2.72e-14  2.20e-5 | 5.39-5 16.60 5.66e-9
1/2* | 8.69e-15 | 8.78e-15  1.37e-5 | 5.55e-5 32.42 1.86e-10
1/2° | 6.18e-16 | 6.03e-16  1.68e-5 | 3.63e-5 64.18 4.54e-12

Table 2: Numerical results for Problem 2

Regarding Problem 2, according to the approach described in Section 3, the objective functions to be annihilated
at each step point are the algebraic polynomials

PV () = DD - u)zy(x)im = (D*-2uD’ + ﬂzDz)y(x)|x=x :
PO () = DA(D - u)3y(x)|x:x = (D° = 3uD* + 34°D° - #3Dz)y(x)|m ’ (5.27)

PP (u) = DXD - #)4y(x)|x:x = (D® - 4D%u + 6D** — AD*1P + D2/~‘4)Y(X)|X:x .

Table 2 shows the obtained results. The numerical evidence confirms the theoretical expectation: the method EF5
exactly integrates Problem 2 within round-off error. Also in this case the superiority of EF5 on TSRKS is evident
from the obtained results. Moreover, we observe that the usage of finite differences in replacement of the derivatives
appearing in (5.27) causes a prominent worsen of the numerical performances, due to the inaccurate parameter se-
lection. In fact, as it is evident from (5.24), such an approximation to the derivatives suffers from a severe numerical
instability (compare with [40]).

We observe that a system equivalent to (5.27) is

DND -y, =0, k=2,3,4,

which can be obtained by adding u times the previous equation to each equation. The advantage here is a degree re-
duction of equations to be solved, and the possibility to solve with respect to i by computing the nullspace [1, 2u, 1"
of a 3 X 3 Wronskian, possibly using an SVD approach. This alternative strategy will be object of future analysis.

6. Conclusions and future works

We have developed a family of EF-based TSRK methods (1.2) for the numerical integration of initial value prob-
lems (1.1). We have particularly focused our attention on the computation of a reasonably accurate approximation
to the unknown parameter on which the coefficients of the derived methods depend. The numerical evidence have
revealed that the strategy presented in Section 3 for the estimation of the parameters allows to obtain an accuracy on
the approximation to the solution of (1.1) which is comparable with the one we would have when the exact value of
the parameter is known.

The strategy of parameter selection is essentially based on solving some nonlinear systems involving evaluations
of the function f at the right hand side of (1.1) and its derivatives. The results of the implementation show that a
reasonably good estimation to the parameter can be achieved only if the exact values of such derivatives are used,
while the employ of approximate derivatives through finite differences would relevantly worsen the performances
of the corresponding method. We are aware of the fact that a better accuracy in the parameter selection and, as a
consequence, in the approximation to the solution of (1.1), requires an higher computational cost. Anyway, such
cost is, according to our opinion, lower than the one of a TSRK method with constant coefficients able to provide
the same accuracy of our EF-based solver: in fact, such constant coefficients method should have an higher order of
convergence which is inevitably achieved by a larger number of stages, with consequent heightening of the dimension
(and the cost) of the nonlinear system in the stages to be solved at each time step. The computational cost of the
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implementation is closely linked also to the choice of the parameter P: in fact, the more P is increased, the more
the degree of the nonlinear equations to be solved at each step becomes higher. It is necessary, in our opinion, to
create a reasonable balance between the exponential fitting parameter P and the computational effort of the solver: for
instance, P can be chosen in such a way that the accuracy of the classical TSRK method with constant coefficients is
remarkably improved with a comparable computational effort. This is the spirit of the choice of P we have made in
this paper.

Further developments of this research will regard the introduction of adapted TSRK formulae based on more
general function basis: in fact, this paper represents the first step in order to consider general function basis, following
the spirit of function fitting (see, for instance, [37, 38]). We also aim to consider revised EF-formulae within the family
of TSRK methods, extending the idea introduced in [18].

Acknowledgments
We express our gratitude to the anonymous referee for his valuable suggestions and comments.
Appendix

We report in this section a MATHEMATICA script for the generation of the coefficients of the EF5 method
implemented in Section 5. The method belongs to the family of TSRK formulae (1.2) with m = 2 and it has been
derived in order to exactly integrate each linear combination of the function basis

{1, x, exp(£ux), x exp(xux)},

which is a subset of (2.13), corresponding to K = P = 1. EF5 method is characterized by the abscissa vector
c=[1/2,3/4]T.

>> LIy[x]] := (y[x+h]l - @*xy[x-h] - (1-@)*y[x] - h*x(v;*y’ [x+(c;-1)*h]
+ vp*y’ [x+(cp—-1)*h] + wiky’ [x+ci*h] + wy*y’ [x+cp*h]) /. x -> 0;

>> For[i =1, i <= 2, Lily[x]] = (y[lx+cxh] - w*yl[x-h] - (1-u;)*y[x]
- hx(a; *y’ [x+(c;-1)*h] + a;o*y’ [x+(cy-1)*h] + b;*xy’ [x+c *h]
+ bip*y’ [x+cpy*h])) /. x -> 0; i++]

>> subs = {yl[x_] -> x, y’[x_1 —> 1};

>> eql = L[y[x]] /. subs;

>> eq2 Li[y[x]] /. subs;

>> eq3 = Ly[y[x]] /. subs;

>> {6, u, w} = {6, u, w} /.Together[Flatten[Solve[{eql == 0, eq2 == 0,
eq3 == 0},{0, u;, wp}11l;

>> h = z/mu;

>> subsl = {y[x_] -> Explmu*x], y’[x_] -> muxExp[muxx]};

>> subs2 = {y[x_] -> Exp[-mu*x], y’[x_] -> -mu*Exp[-muxx]};

>> Gp = FullSimplify[((L[y[x]] /. subs1l) + (LIy[x]] /. subs2))/2];

>> Gm = FullSimplify[((L[y[x]] /. subs1l) - (LIy[x]] /. subs2))/(2%z)];
>> Dp = FullSimplify[D[Gp, z]];
>> Dm = FullSimplify[D[Gm, z]];

>> {vy, Vo, wy, wy} = {vi, vp, wy, wp} /. Together[Flatten[Solve[Gp == 0, Gm == O,
Dp == 0, Dm == 0, {vi, v2, wi, w}]11]

>> Gpl = FullSimplify[((L;[y[x]] /. subsl) + (L;[y[x]] /.subs2))/2];

>> Gp2 = FullSimplify[((Ly[y[x]] /. subsl) + (Ly[y[x]] /.subs2))/2];

>> Gml = FullSimplify[((L;[y[x]] /. subsl) (L [y[x]] /.subs2))/(2%xz)];

>> Gm2 = FullSimplify[((L,[y[x]] /. subsl) - (Ly[y[x]] /.subs2))/(2%z)];

>> Dpl = FullSimplify[D[Gpl, z]];

>> Dp2 = FullSimplify[D[Gp2, z]];

>> Dml = FullSimplify[D[Gml, z]];
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>> Dm2 = FullSimplify[D[Gm2, z]];

>> {agr, aiz, bii, bz, azi, a2, b2y, bao} = {an, a2, bri, bia, asi, az, by, baa} /.
Together [Flatten[Solve[{Gpl == O, Gml == 0, Gp2 == 0, Gm2 == 0, Dpl == O,
Dmi == 0, Dp2 == 0, Dm2 == 0}, {a;;, a2, by, bi2, az;, a2, by, baa}l1]

The derived coefficients depend on the hyperbolic functions cosh and sinh. In order to convert them in terms of 7;(Z)-
functions, the Mathematica package formConv can be used: it is described in [14] and can be downloaded from the
web page

http://cpc.cs.qub.ac.uk/summaries/AEFB_v1_0.html

According to formula (3.18), the local error associated to this method is given by

Li(a(Z
Itef (x) = hﬁ%Dz(D — 0)*y(x). (6.28)
With the aim to derive the order of convergence of EF5 methods, we study the behaviour of classical order conditions

of TSRK methods for z tending to 0. In particular we obtain that the stage order conditions

Ck (_l)k (C _ e)(k—l) C(k—l)

k! ko (k-1 " k-1

tend to O for k up to 5 and the same happens for the order conditions

1 D pe—e®h kD

K-k Te=ny Y k-

Therefore, the derived method has order and stage order both equal to 5. Concerning the linear stability properties of
this method, we report in Figure 1 the stability region in the (Re w, Im w, z)-space and in Figure 2 the sections through
the stability region by planes z = -1,z = -2,z = -3 and z = —4.
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Figure 1: Stability region of the EF5 method in the (Re w, Im w, z)-space

z=-1 z=-2
2 2
15 15
1 1
0.5 0.5
E o £ 0
-0.5 -0.5
1 1
s 15

35 -3 25 -2 15 1 05 0 35 -3 25 -2 115 1 0.5 0

Re w Re w

z=-3 z=-4
2 2
15 15
1 1
0.5 0.5
E o £ o
-0.5 -0.5
1 1
s 15

|
35 -3 25 -2 15 1 05 0 35 3 25 -2 15 -1 0.5 0
Re u Re w

Figure 2: Projection of the stability region in the (Re w, Im w)-plane for the adapted TSRK method above reported.
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