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Discrete variable methods with variable coefficients for ODEs
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1 Introduction

A special class of discrete variable methods which is intended to integrate exactly the IVPs with a
known solution is derived. This class of the methods, which have variable coefficients, is designed
to integrate the ODE exactly only for the case that the solution is a given elementary function,
such as trigonometric or exponential function. These methods are expected to be efficient even
for the case that the solution is slightly perturbed from the objective functions. A classical
example of this class of the methods is the trigonometric linear multistep method of Adams type
by Gautschi [5]. This method is designed to be exact, if the solutions are trigonometric functions
with a known frequency.
The other examples of this class of methods derived so far are:

Stormer and Cowell type trigonometric methods[5],[17].
Nystrom type trigonometric methods [9].

Exponentially fitted linear multistep method [2], [18].
Linear multistep method for mixed polynomials[19].

Runge-Kutta (-Nystréom) type trigonometric methods [10}, [15].

o o W

Runge-Kutta—Nystrém method for mixed polynomialé (3]-

To unify the approaches used to derive the trigonometric and exponential Runge-Kutta(—Nystrom)
methods, Ozawa [11],[12] has established a technique to adapt the methods to any desired func-
tions (not necessary elementary functions), and has given the condition that the coefficients of
such methods exist. He has also established the order conditions for the methods to have order p.

The purpose of this work is to develop a computationally cheap Runge-Kutta method which
are exact for a given set of functions, by using the same technique introduced in Ozawa [11], [12].

2 Functionally fitted Runge-Kutta method

Consider the initial value. problem
: yl(t) = f(y(t))a y(O) =Yp UE [0’ T], (1)
and the s-stage Runge-Kutta method

yn+1 = Yn + hzb‘l f(:Yz)a

i=1

Y=g+ hd e (), i=los

i=1
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for solving the problem (1), where h is a step-size, and y, is a numerical approximation to the
solution y(t) at ¢ = nh. Almost all Runge-Kutta methods are designed to be exact when the
solution y(t) are polynomials of a given degree or less. In our approach, however, the Runge-Kutta
method is designed to be exact not necessary for polynomials but for the linear combinations of
predetermined functions {®,,(t)}?,—;- We call the functions {®,(t)}3,~, the basis functions, and
call the resulting Runge-Kutta method a functionally fitted Runge-Kutta (FRK) method.

Here we show a procedure to determine the coefficients of the FRK. First of all, we determine
a set of basis functions {®,,(t)}%,_;, taking into account the information on the equation or the
solution. Next, we give the sparsity pattern of the Butcher array A = (q; ;); we consider only the
case that the abscissae c;'s are constant and different from each other. In accordance with the
sparsity pattern, and w1th the other requirements (if exist), we set some values (usually 0) to the
specified elements of the array. Here we denote by A; (i = 1,..., s+1) the set of subscripts of these
specified elements in the ith row. Finally, to determine the 1ema1n1ng coefficients a; ; (j € A\ A)),
where A = {1,2,..., s}, we choose (s — |A4;]) different functions from the set of ® (t) s, and solve
the following simultaneous equation:

$, . (t+ch)—2,(
Y 4, nltteh) = o +c,h) Sl >, Bt +ch),
JEA\ A JEA; (2)
' meF, (i=1..,58+1),
where we use the convention a,,, ; = b;, and denote by F; C A the set of the subscripts of the

basis functions ®,,(t) used in (2). For the uniqueness of the coefficients a; ; and b;, we assume
| F;| = s — |A;], that is, the number of the unknowns is equal to that of the equatlons for each 1.

For example, suppose we would like to design a three-stage explicit FRK method, then after
choosing &, (¢), ®,(t) and P4(t), we must take a;; = a;, = a;3 = 0, ay 5, = Gy3 = 0, and
az 3 = 0, so that '

A =11, 2, 3L, A= {2,3}, A= {3} A =9,
f1=¢, ~.¢2= {1}, f3 {1 2}, .7'-4 {1 2 3}
and solve the simultaneous equations:

D, (t+cyh) — (1)

Q1 @y(t) = h )
® (t+csh)—®, (L
‘13,1<Pm(t) + a3 o P (t +Cy h) = m( 3h) m{ ), m = 1,2,
d_(t - & _(t

where ¢, (t) = @' (t). Note that any choices are possible for the sets F, and F; , only if the
conditions |F,| = 1 and |F;| = 2 are satisfied. The method obtained in this example is exact for
any constant multiple of ®,(t). In general, the method obtained by (2) is exact for the elements
of the linear space spanned by the ®,,(t)’s for m € N{X] F,, since each stage value Y; is exact for
linear combinations of ®,,(t)’s for m € F;.

The coefficients a; ; and b; determmed in this way depend, in general, not only on h, but also
on t. We shall conmder however, the case that these coefficients depend only on h; if the basis
functions ®,,(t) are polynomials, exponentials or sinusoidal functions, then this is the case, as we
will see later. By this assumption, it is possible to take ¢ = 0 in (2) without loss of generality.
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In [11] and (12}, 4, = ¢ and F; = A for all 7, that is, there exist s unknowns in each of the
simultaneous equations, and all the functions @, (¢) (m = 1,...,s) are used to determine these
coefficients. Therefore, the resulting method is necessarily a fully implicit one. For this case,
Ozawa [11] has shown that the coefficients given by (2) are unique for all 4 and ¢ € [0, T}, if the
Wronskian matrix associated with ¢, (t) = @] (t)

i
1 () - s () '
W(t) = : : , 3)
W) e e
is nonsingular. Moreover these coefficients are analytic, if all of the functions {®,,(t)};,-, are
analytic on [0, T]. Here we extend the result to a general case as follows:

LEMMA 1 Assume that we are given different constants d; (j = 1,...,7) and different analytic
functions ¥, (t) (m =1,...,7). Let a(h) be analytic function at h = 0. Then for the given d,
and d; (not necessarily different), the simultaneous equation ’

Yoy (e h) = 2l TnO oy @my, m=1n @

9,0 = [ bn(0)at

has unique analytic solutions o;(h) (j = 1,...,r), if the Wronskian matriz associated with 1,,(t)

GO
wy=| O W ®)
Dy - 9

is nonsingular.

Although this lemma corresponds to the case that |.A;| =1 in (2), it is straightforward matter to
extend the result to the general case that |4;| > 1.

3 Local truncation error of FRK method

In general, the numerical results given by the FRK will have truncation errors, except for the
cases that the method is fitted to the problem (1) completely. Therefore, we must evaluate the
errors by using “order of accuracy.” The definition of the measure for the FRK is the same as is
used for conventional methods. That is, if the numerical solution by the FRK satisfies

y, —y(h) = O(h**Y), y(0) =1y, h—0,

for any sufficiently smooth solution y(t), then we shall call the integer p the order of accuracy of
the FRK. However, unlike the conventional case, we must consider the errors in the situation that
the coefficients a; ; and b; also vary as functions of h, when h — 0.
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To analyze the local truncation error of the FRK, let us introduce the following quantities:

1

B(g) = Zb =t - 7 (6)
Ci(q) = za,” -g i=1,...,s, (7)
D(q) = Zb,- Ci(a), 8)

where a; ; and b; are the coefficients generated by (2).
In [11] and [12] for the case A; = ¢, Ozawa has shown

B(q) = O(h**79), g=1,...,s,
Ci(g) = O(h"+79), g=1,...,s, i=1,...,s
For the present case, this result is straightforwardly extended to
B(g) = O(hsn+179), g=1,..,71) 9)
Cy(g) = O(R™*79), g=1,...,r;, i=1,...,s.

where we set r; = |F;| (i = 1,2,...,5+ 1). We express the errors at the stages and step by using
B(g) and C; (q) First we conSIder the residuals at the stages and step. Let y(t) be any sufficiently
smooth function (not necessary the solution of (1)), then

R=y(0)+ kb () - k) = ¥ 1ol (O,
’ =t  (10)
Ry = y(0) + h Y a5 (esh) — e h) = 3 ool (/0

Note that if y(t) = &,,(t) these residuals vanish, that is,

Z h? B(q ( m(O))(q—l) — 0’ m &€ f3+17

- 1)!
q>1
(1)
Z "(% (‘Pm(o))(q_l) =0, m € F,
g1

On the other hand, if ®_(t) are polynomials of some degree or less, then B(g) and C;(g) vanish
for the first several ¢'s, and {8~ (t) = 0 for the other higher ¢’s. From (9) and (10) we have

R= O(hr-H)i . R, = O(hp+1)$ 4 (12)

where
p= mim{r,g}, T=Te4e

Next we consider the relation between the residuals and local errors of the FRK method.
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Let y(t) be the solution of ¥/(t) = f(y(¢)), then the errors at the stages are given by
e, =Y, —ylch) =yo+h Y _a,; f(Y;) - (yo +h Y a5y (k) - Ri)
J J
=hf, Za,.,j (e; + O(e?)) + R,,
J

therefore

=(1- a; i h fy)~l ((h fy) z :ai,j (ej + O(eﬁ)) + Ri) = O(h*t1).
J#i
For the error at the step, we have

E=y —’y'(h =Z/o+hzb‘f(yi) - <y0+h Zbiyl(cih) _R)

(13)
=hf, Zb —y(;h) +O(ed)) + R
Before evaluating F, we must evaluate the two quantities
Zb Y, = Zb yo-l—th o, ; F(Y}),
Zb y(e;h) Zb yo—}-hz a; ;Y (c;h) =T,
where we put
T = Z b R; = Z ‘-’) (W () . (14)
q>1
For the order of T, if we assume
T = O(h™"), (15)
then from (12) we have
7 2 p=min{r;}.
Thus
=(hf,) Zb- a;; (F(¥;) = ¥'(c; h)) + (h f,) T + R+ O(h**?)
= (h/f,)? Zb a; ;€ +(hf )T+ R+ O(h2”+3)
Y]
If the order of 3, .b; a; ;e; is that of the minimum of e;’s, then we have
E = O(hP+1),
where : .
p=min{p+2, 7+1,r}. (16)

Thus the order of accuracy of the method is given by (16).
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4 Three-stage FESDIRK method

Let us consider the three-stage Runge-Kutta method given by the Butcher array

0| 0
a, «

C3j03; Q34 C (17)
b b b

Usually the methods of this type are called ezplicit SDIRK (ESDIRK) method when the coefficients
are constant, and we shall call it functionally fitted ESDIRK (FESDIRK) method, if the method
is FRK.

For the FESDIRK given by (17), we set

A1={123} -A'z—{3} -’43_{3}a Ay =6,
Fi=¢, F={12}, FH={L2}, F={1,23}

Note that the « in the third row of the array is just the value that has been obtained in the second
row so that |F;| = 2. The simultaneous equations to be solved for these coefficients are

®,,(cy h) — 2,,(0)

ag,1%m(0) + aPm(cy h) = h ) m € F,,
® (c,h)—9 (0
a3,19m(0) + a3 2 pm(cr h) = n(Cs )h (0 @ P,,(c3 h), m € F3, (18)
® (h)-® (0
buon(0) + by m(es ) + by pmlegh) = 222200 e g

where we assume that the Wronskian matrix

01(t)  @a(t)  ws(®)
W(t)=( ) w(l)(t) so(l)(t)) (19)
901 (t) ‘Pz (t) ‘Pa (t)

is nonsingular at ¢t = 0. From the construction, it follows that the method is exact when the
solution satisfies y(t) € span{®,(t), ®,(t)}. For this case, we have

1"2=7‘3=2, ’l”4=3, P=2, 7227

and .
1
B(q) = sz Cg—l - 'q_ = O(h4_q)’ q= 172,3a
1=1 . (20)
EZ%J, —Ow*% g=1,2,
j=1 '

which leads to p = 3 from (16).
When h — 0, FESDIRK approaches a constant coefficient method, which has a key role in
later considerations. Let aﬁ?} and b§°’ be the constant terms of the power series expansions of g ;
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and b;, respectively. Then relation (20) means that

3

o1
Zbﬁo’c§~”=—, ¢=1,2,3, (21)
1

<I
EARE B )
=1 q )

The relations (21) and (22), which are the so-called simplifying assﬁmptio’ns [1], determine aﬁ?}

and bso) uniquely as functions of ¢,. The results are:

(0 Co 0 c
ag’)l = —é—’ ag,)Q = —22 (: a)a
o), = 36¢5—120c}+134¢; —60c, 49

8¢y (3¢, —2)2 .
a(o) _ _2463—506%4‘3662—9 a(g)
J 32— 8¢, (3¢, —2)2 3
go)zﬁcg——ﬁcz-i-l

6cy(dcy —3)’
I -

6c,(6c2—8¢c, +3)

bgo)z 2(362—2)2 .
\ 3(de, —3)(6c2—8cy+3)

Note that 05?1)' and b§°) are independent of the choice of ®,,(t).

5 Fourth order FESDIRK method

We have obtained a three-stage FESDIRK method and have shown that the method is of order
3. To raise the order of the method up to 4 we assume two conditions.

The first condition is
1 =0, g=1
q—l . _ _ ? )
/ot t(t— cp) (t —cg) dt {740, .2

In [14], the case that the integral equals to 0 even for g > 2 is considered. From this assumption
we have
4 CZ - 3

3B~ 3) (23)

03=

By assuming (23), we have from [11]

3 |
B(g) =Y b - ‘11 O(hmxs-02) g =1,... 4, (24)

i1
=1
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so that 7 = 4 in (12), and we have, instead of (21),

which is the constant term of B(g).
The second assumption is

Zb Q=" 1-¢), =123 (26)

It has been shown that this condition together with (22) and (25) is a sufficient condition for the
method (a(o) 5, ¢,) to be of order 4 (see [1],[6]).

R

Next lemma shows that conditions (22), (25) and.(26) guarantee 7 = 3 in (15).

LEMMA 2 If conditions (22), (25) and (26) hold, then
D(g) =O(h*™),  ¢=1,2,3,
so that 7 = 3 in (15).
Proof. The detail of the proof is shown in [14]. i

Since r = 4 has already been established, and 7 = 3 has been proved by the above lemma, it
is clear from (16) that p = 4. Thus we have the following theorem:

THEOREM 1 If the abscissae ¢, and c; satisfy the two conditions (23) and (26), then FESDIRK
with the coefficients given by (2) is of order 4.

Hereafter we call the (F)ESDIRK obtained now (F)ESDIRK4. Next we must obtain the values of
¢, for which condition (26) is valid. Let d; be

0 0 .
=St -tP(1-¢), =123

then from (21) and (22) we have
Zdi 4! Z B% SOJ) o zb(o) (1-
J

1
== b(o) -+ ——=0, for ¢ = 1,2,
Z g+1 1
that is,
d1'+' d2+ d3 = 0,
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This means that if we force one of d;’s to be 0, then the remainders become 0, provided that
0 < ¢, # ¢3. Thus we put, for example,

B, =1)Be=2)(cp—1)

d, =— =0,
! 6c, (4cy — 3) |
which leads to
1 2 ]
C‘Z“‘ 37 37 .

Among these solutions, ¢, = 2/3 is not allowed because of (23), so that we consider the remaining
two solutions. Comparing the stability regions of the ESDIRK4’s with ¢, = 1/3 and ¢, = 1, and
the classical Runge-Kutta method (RK4), we find that the ESDIRK4 with ¢, = 1/3 is preferable
to the ESDIRK4 with ¢, = 1 (see [14]). Therefore we take ¢, = 1/3 also for FESDIRK4, since it
is expected that FESDIRK has approximately the same properties as those of ESDIRK, when h
is small. Hereafter, we simply denote the methods ESDIRK4 and FESDIRK4 with ¢, = 1/3, by
ESDIRK4 and FESDIRK4, respectively.

6 Numerical example

To see how well FESDIRKY is fitted to the special problems for which we can find the basis
functions successfully, and whether or not the global error of the method behaves like O(h?*) for

general problems, we shall present some numerical examples. Here we solve the following three
problems:

Airy equation
Constant coefficient linear equation

The solution of the Airy equation oscillates with varying “frequency.” The solution of the linear
equation consists of the two components: rapidly damped oscillatory component and decaying
exponential component. To generate the coefficients of FESDIRK4, we use sinusoidal bases for the
Airy equation, and exponential bases for the linear equation. In these experiments, we measure
the errors by the Euclidean norms. All the computations are performed by the IEEE double
precision arithmetic.

Airy equation

Consider the Airy equation

y'(t) —ty(t) =0, (27)
with the initial condition
y (—50) = Ai(~50) + 0.5 Bi (—50) = —2.304564997--- x 107,
y'(—50) = Ai'(—50) + 0.5 B (—=50) = 3.963089871---x 1071,

where Ai (¢) and Bi (¢) are Airy’s Ai and Bi functions, which are linearly independent solutions of
Eq. (27) (see [8]). The exact solution of the problem is

y(t) = Ai(t) + 0.5Bi(2).
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For this problem, the basis functions
®,(t) =t, B,(t) =cos(wt), @3(t) =sin(wt), (28)

will be appropriate. For this choice of functions, Wronskian matrix (19) is nonsingular if w # 0.
In [14], the coefficients derived by using the functions are shown together with their power series
expansions in h; when h is small, it is advantageous to use the expansions rather than the closed
forms to avoid the cancellations. We integrate the equation from ¢ = —50 to 0, by changing the
angular frequency w by the formula

‘ w=v—t,

at every integer point ¢ = —50, =49, .... Although the two methods are of the same order, the
error of FESDIRK4 is compared favourably with that of ESDIRK4 in Fig. 1.

40

50

-Iog2 h

Fig. 1. Errors E of FESDIRK4 (solid) and ESDIRK4 (dashed)
versus step-size h for Airy equation (27).

Constant coefficient linear equation
The third problem to be considered is the linear homogeneous equation

J(t) - Py®)=0, y(0)=(1,0,0,07, (29)

where

0 0 1 101
-9 -1 -97 6
—98 0 -99 -96
-1 0 -1 -102

The exact solution of the problem is given by

P=

et 4+ e 1%0%5int
e~t (—1+1t) +e %% (cost + 2sint)
—e~t +e71%% (cost + sint)

—e~100¢ gin ¢

y(t) =
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This solution consists of fast and slow modes. If a small step-size which damps out the fast
mode is used, then sooner or later the slow mode will dominate the entire solution. Hence, it is
advantageous to fit the method to the slow mode rather than the fast mode, when the method is
stable. For this reason, we use moderately small step-size and choose the following basis functions:

(1) =1, B,(t) = exp(—t), By(t) =t exp(—1). (30)

The coefficients derived from the functions (30) are shown in [14]. We integrate the equation
from ¢ = 0 to 2 by the FESDIRK4, and compare the error with those of the three fourth-order
Runge-Kutta methods: ESDIRK4, the two-stage Gauss (Gauss2) and the classical Runge-Kutta
(RK4) methods. The results are shown in Table 1.

Table 1. Errors of various methods for linear equation (29).

log, £
—log, h [ FESDIRK4 ESDIRKZ Gauss?2 RK4
2 2.708e+01 2.915e+01 -5.124e+00 1.099e+02
3 2.486e+01 2.713e+01 -2.196e+01 1.531e+02
4 -2.8580+01 -2.585e+01 -2.529e+01 1.682e+02
5 -5.334e+01 -2.985e+01 -2.929e+01 4.702e+01
6 =5.271e+01 -3.387e+01 -3.329e+01 -3.068e+01
7 =5.262e+01 -3.787e+01 =-3.729e+01 -3.470e+01
8 ~5.125e+01 -4.188e+01 -4.129e+01 -3.870e+01
9 -5.091e+01 -4.586e+01 -4.530e+01 -4.270e+01
10 -5.164e+01 -5.073e+01 -4.907e+01 -4.668e+01
11 -5.212e+01 -5.056e+01 -5.232e+01 -5.163e+01
12 ~-5.016e+01 -5.062e+01 -4.988e+01 -5.078e+01

FE is the Euclidean norm of the error at ¢ = 2.

It can been seen that, although FESDIRKY is less stable than the two-stage Gauss Runge-
Kutta method for larger step-sizes, this method is fitted to the solution completely for moderately
small step-sizes; the values of order -5.0e+01 or less in the second column of Table 1 are due
to the accumulations of round-off errors, since the machine epsilon of the arithmetic is 2753, On
the other hand, although the other methods are not fitted to this problem completely, the errors
decrease steadily at the rate of O(h*), as expected.
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