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1 Introduction

Consider the initial value problems for the first-order ordinary differential equation
Y@ =f(6y®);  y@=n x€x,bl (1)

Here y : [x0; b] — RY and f : [xp; b] x R* — R* are assumed to be sufficiently smooth, and
%o € R? is the given initial value. Without any loss of generality we assume the step-size
h > 0 to be constant, and we define the grid points along the x-axis by x,, = xo + nh;n =
0;1;2;...;N, where Nh = b — x, and the set of equally spaced points on the integration
interval is defined by xp < %1 <xy <+ <x,41 = b.

Equations having highly oscillatory solution or stiff problems are very common prob-
lems in many fields, such as biology, celestial mechanics, control, fluids, heat transfer [20],
chemical kinetics, lasers, and mechanics; see [7]. In general, any physical system modeled
by an ordinary differential equation and having physical components with greatly different
time constants leads to a stiff problem. In the literature of ordinary differential equations
(ODEs), various definitions are seen for the stiffness [3, 9, 13, 17, 19], one being somewhat
more precise than another. The essence of stiffness is that the solution to be computed is
slowly varying but there exist rapidly damped perturbations.

The numerical solution of these kinds of problems is a central task in all simulation
environments for mechanical, electrical, and chemical systems. From discussion on the
relative merits of linear multistep and Runge—Kutta methods it emerged that the former

© The Author(s) 2019. This article is distributed under the terms of the Creative Commons Attribution 4.0 International License
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, pro-

L]
@ Sprlnger vided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and

indicate if changes were made.


https://doi.org/10.1186/s13662-019-2215-0
http://crossmark.crossref.org/dialog/?doi=10.1186/s13662-019-2215-0&domain=pdf
http://orcid.org/0000-0001-7556-8942
mailto:Goyal.praveen2011@gmail.com

Agarwal and lbrahim Advances in Difference Equations (2019) 2019:286 Page 2 of 14

class of methods, though generally more efficient in terms of accuracy and weak stability
properties for a given number of functions evaluations per step, suffered the disadvantage
of requiring additional starting values and special procedures for changing step length.
These difficulties would be reduced, without sacrifice, if we could lower the step num-
ber of the linear multistep methods without reducing their order. The difficulty here lies
in satisfying the essential condition of zero-stability. This “zero-stability barrier” was cir-
cumvented by the introduction of modified linear multistep formula, which incorporates
a function evaluation at off-step point. Such formula, simultaneously proposed by Agar-
wal, Ibrahim, and Yousry [2], Butcher [4], Gear [11], Gragg and Stetter [12], Ibrahim and
Yousry [15], and Shokri [18] were christened “hybrid” by the last author since, whilst re-
taining certain linear multistep characteristics, hybrid methods share with Runge—Kutta
methods the property of utilizing data at points other than the step points [5, 6]. Thus,
we may regard the introduction of hybrid formula as an important step by Kopal [16]. In
this paper, our objective is to construct stable multistep multiderivative methods with off-
points and good stability characteristic properties, fewer function evaluations, and rapid
convergence to the exact solution.

The k-step classical hybrid method formula is as follows:

k k
Z OiVn+i = h Z Ika;’l+i + h,BsfnJrsr (2)
i=o i=0

where oy = +1, o9 and B are not both zero, s ¢ {0,1,...,k}, and f,;s = f (%415, Yuss)- These
methods are similar to linear multistep methods but with one essential modification: an
additional predictor is introduced at the off-step point. This greater generality allows the
consequences of the Dahlquist barrier to be avoided, and it is actually possible to obtain
convergent k-step methods with order 2k + 1 up to k = 7. Even higher orders are available if
two or more off-step points are used. The other independent discoveries of this approach
were reported in [3, 8, 10, 11].

Another important class of linear multistep methods for the numerical solution of first-
order ordinary differential equations is the classical Obrechkoft methods. The k-step clas-

sical Obrechkoff method using the first / derivatives of y for solution of (1) is given by [12]

k l k
Z AjYnsj = Z hi Z ,351‘)/21,': ar=1. (3)
j=0 =1 j=0

According to [17], the error constant decreases more rapidly with increasing / rather
than with increasing k. It is difficult to satisfy the zero-stability for large k. The weak sta-
bility interval appears to be small.

For many problems, such explicit differentiation is intolerably complicated, but when
it is feasible to evaluate the first few total derivatives of y, then generalizations of linear

multistep methods that employ such derivatives can be very efficient [1].



Agarwal and lbrahim Advances in Difference Equations (2019) 2019:286 Page 3 of 14

2 Construction of the new hybrid superimplicit method
The main aim of this section is to consider the numerical integration of (1). We consider
k-step methods with first [ derivatives of y and v off-step points of the form

k ! k v
D o= > B> By Ay Vs, k=1, (4)
j=0 =1 j=0 j=1

where «;, B, y; are arbitrary constants to be determined, and 0 < s < k are parameters.
Formula (4) can only be used if we know the values of the solution y(x) and associated
derivatives at k successive points. These k values will be assumed to be given.

For s > k, the methods are called superimplicit because they require the knowledge of
functions not only at past and present but also at future steps (off-points).

The next work concerns the parametric formula with one off-point as follows:

k
Z OiVn+i = h,Bk(fer - ,Bsfn+s) + hzyk(grﬁ—k - ysgn+s)r U = 1. (5)

i=0

The associative formula to obtain the first and second derivatives at the superfuture
points is
k
Vnes = hﬂy;ﬁ.k + Z ijn+jr (6)

Jj=0

where y' = f(x,y) and y" = g(x,y) = fx + f,f> and the coefficients are chosen so that (5) and
(6) have orders k + 1 and k — 1, respectively.
The associated polynomials are given by

k
p(2)=) aid, o@=p(d-B2), 0@ = -r)

We can assume that the functions p(z), o (z), and 1(z) have no common factors.
We use a Taylor series expansion to determine all the coefficients of (5), for which we
have

L[y(x),h] = Coylx) + Clhy(l)(x) +oeeet thqy(q)(x) e (7)
Definition 1 The new multistep method (5) is said to be of order p if
Co=Ci=Cy=---=C, =0, Cp1 #0.

Hence for any function y(x) € C?*? and for some nonzero constant C,,;, we have

k
(), I1) = " (ciy(e + ih) = HBi(y (x5 + ki) = By (@ + sh)) = i (¥ (i + ki)

i=0

— ¥y (R + 5h)) + Cpr Wy (x,) + O(HF*2), (8)

where C,,, is called the error constant.
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In particular, L(y(x), #) vanishes identically when y(x) is a polynomial whose degree is

less than or equal to p.

Lemma 1 The new multistep method (5) is consistent if and only if
p(1)=0,  p'(1)=0(D). ©)

Proof We know that the general linear multistep methods are consistent if and only if they
have the order p > 1. This implies Cy = C; = 0. Therefore by a simple calculation we get
9). O

3 Stability analysis
In this section, we introduce different types of stability. We study A, A(«), and L-stability
of the new superfuture methods (5)—(6) for k = 2 — 5 with one off-point.

Definition 2 (Lambert [17]) A numerical method is said to be A-stable if its region of

absolute stability S contains the whole complex left-half plane.

Definition 3 (Lambert [17]) A k-step method is said to be L-stable if it is A-stable and

has a stability matrix with vanishing eigenvalues at infinity.

If we apply (5)—(6) to the test equation y' = Ay for which y” = A2y, then we get

k
Zaiynﬂ' = Xﬁk(y;ﬂk - ﬂsynﬂ) + Xzyk(y;ﬂk - ysyn+s)r (10)
i=0
k
Yn+s = X MYn+k + Z V/'yn+j) (11)
j=0

where x = h\ Substituting (11) inti (10), we obtain

k k
Zaiynﬂ' = Xﬂk (yﬂ‘rk - ﬁs (X/'Lyn’fk + Z ij”+f))

i=0 j=0

k
+ X% (ym -¥ (x Wik + Y ijn+j) ) (12)

j=0

This equation can be written as

Yk (VieVsiox® + BeBsiix™ — xBr + i + BicBsvi — Vi)

k
+ 3 (o = viBiBsx = Vivsvix®)ymei =0, (13)
i=0
— 3 (e = viBeBsx — vevsvix®)
(Vvsix® + BrBstex® — xBr + ok + BiBsvi — vi)

Yn+k = Yn+i- (14)
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Figure 1 Absolute stability region for formulas (4)-(5) with k= 2,3,4,5

The associated characteristic equation takes the form

k k
> et = xpr (sk - Bs (xuék > vn,-sk-f))

i=0 j=0

k
+x2yk<~§k—ys<xu$k+Zvn_;é"‘f))- (15)

Jj=0

For stability, £ must satisfy the condition |£| < 1, with strict inequality for multiple roots;
see [17]. We use the boundary locus method to determine the absolute stability region; for
£ = €, a cubic equation gives rise to three roots locus curves, which together describe the
stability domain. The stability regions of method (5)—(6) for steps k = 2 up to 5 are plotted
in Fig. 1. The method (5)—(6) is A-stable for k = 2 and 3, and is A(«) stable for k = 4 and 5,
where o = 85.1° for k = 4 and « = 75.7° for k = 5. From (14) it is clear that since the power
of x in the denominator is higher than that in the numerator, the solution tends to zero,

and so (5)-(6) is L-stable or L(x)-stable according to its A-stability or A(w)-stability.
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4 Four-step methods with one off-step point
We are going to discuss in details method (4)—(5) for k = 4. The coefficients of method
(5)—(6) for k = 2,3,5, the error constants, and the values of the parameters that minimize
the truncation error are listed in the Appendix.

Upon choosing k = 4 in (5)—(6), we get

4
Zaiynﬂ’ = hﬂ4(ﬂt+4 - ﬁsfnﬂ) + h2V4(gn+4 - ngn+s)7 oy = 1, (16)

i=0

4
Vn+s = hﬂy;% + Z U]'ynﬂ" (17)

Jj=0

The coefficients of (16) and (17) are as follows:

g = —(—6(1660 + (=5 + 5)s(906 + 5(=5 + 5)s(33 + 2(=5 + 5)s)))
+ Ba(—4 + 5)2(1421 + s(~3080 + 5(2469 + 10s(-86 + 115))))
+2(—4 + 5)(—4669 + 5(10,856 + 55(—1946 + 35(276 + (=55 + 45))) ) ) va)
/(6(36 + (=3 +5)s(66 + 5(—3 + 5)s(9 + 2(=3 + 5)s))) );
a1 = (Ba(—4+5)2(324 + s(~864 + 5(972 + 55(~89 + 14s))))
—4(576 + s(~1872 + 5(2676 + 5s(—384 + (144 + (=27 + 25))))))
+(—4 +5)(—2088 + (5832 + 55(~1392 + 5(746 + 7s(=25 + 25)))) ) va)
/(36 + (=3 +5)s(66 + 5(-3 + 5)s(9 + 2(-3 + 5)s) ) );
ay = —(—12(144 + (=4 + 8)s(171 + 5(—4 + 5)s(15 + 2(—4 + 5)s)))
+ Ba(—4 +5)2(225 + 5(—936 + 5(1569 + 10s(—94 + 19s))))
+2(—4 +5)(~657 + 5(2808 + 55(~978 + 5(664 + s(~185 + 165)))) ) v4)
/(2(36 + (=3 +5)s(66 + 5(-3 +5)s(9 + 2(-3 + 5)s))) );
a3 = (Ba(—4+5)2(76 + s(-352 + (672 + 55(—101 + 265))))
—12(64 + (=336 +5(756 + 55(~160 + 5(84 + (=21 + 25)) ))))
+ (=4 +5)(—376 + 5(1784 + 55(~704 + 35(194 + s(-65 + 65)))) ) va)
/(3(36 + (=3 +5)s(66 + 5(=3 +5)s(9 + 2(=3 + 5)s))));
Vs = (12(24 + 5(~4 + 8)s(5 + (—4 + 5)s)) — Ba(—4 + 5)(~168 + 5(649 + s(-548 + 1255)))
—5(228 + 55(—184 + 5(183 + s(—64 + 75)) ) 4)
/((36+ (=3 +5)s(66 + 5(=3 + 5)s(9 + 2(-3 + 5)s) ) )2);
Bs = (2(—60(=2 + $)(5 + 2(~4 + 5)s) + Ba(—1382 + 5(2841 + 25(—786 + 1255)))
+25(—4 +5))23 + 25(=20 + 75)) y4))
/(B4(36 + (=3 +5)s(66 + 5(=3 +5)s(9 + 2(=3 + 5)s))));

1
V= 8(24_265 +9s% - % + 2u —24\/0);
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1
vy = E(—12 +19s - 8s” +5° = 3u + 12wp);

1 2 3
v3:§(8—14s+7s —-S +6M—8V0);

1 2.3
V4=g(—6+11s—6s +s —11M+6V0)~

Here B4, Y4, 8, |4, vo are free parameters, and the error constant of the local truncation

error is

T = —(-12(576 + 5(~4 + 5)s(180 + (—4 + 5)s(114 + (—4 + s)s(31 + 3(—4 + 8)s))))
+ Ba(~4 +5)* (1116 + 5(—6336 + 5(15,690 + 5(-18,620
+5(11,195 - 3288s + 3755%) ))))
+(—4 +5)(-8856 + 5(51,624 + 55(—26,424 + 5(33,502
+5(-22,640 + 5(8233 + 155(~100 + 75)))))) ) 4)
/(360(36 + (=3 + 5)s(66 + 5(=3 +5)s(9 + 2(=3 +5)s))).

The values, s = 4 and y, = —=72/415 minimize the truncation error, and the error constant

24
becomes 3075

5 Stability analysis
We study the stability analysis of method (4)—(5) for k = 4.

Definition 4 (Lambert [17]) An LMM is called A(x)-stable (0 < o < 7w/2) if SD S, =
{u, | arg(=p) <o, u 70}

To analyze the method for the absolute stability, the associated characteristic equation
of the method (16)—(17) takes the form

EY(1+ Bax (=1 + Bopx) + vax> (=1 + veuux)) + o + x (BaBs + vavs X )Vo
+& (g +Eay + E%a3

+ X (Bsvs + vavsx)(vi + § (va + E(vs + §v4)))). (18)

By using boundary locus method and Wolfram Mathematica the absolute stability re-
gion is plotted. The figure shows that the method is A(«)-stable with o = 85.1°. The abso-
lute stability region is plotted in Fig. 1.The methods are unstable at the shaded region.

From equation (14) we have

4

Yn+a = — Z(ai —VifrBsx - VszViXZ)ynﬂ'
i=0

I(vivsiex® + BeBsiex® = xBr + ot + BeBsvk — Vi) (19)

This equation shows that method (16)—(7) is L(«)-stable.
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Table 1 Numerical results for Test 1

X

Method (5)-(6)
Wr.y2.ysl

Parallel SDMM

by sl

04
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Figure 2 The solution curves of Test 1
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6 Numerical examples

In this section, we present some numerical results obtained by our new methods (5)-(6)

with step k = 3. The values of the parameters used are 83 = 0.2, 3 = 0.2,s =4, u = -0.6, 1y =

0.3, and the numerical results are compared with those of other multistep methods.

Test 1 (Robertson chemical kinetics problem, Hojjati [14]) Consider the stiff initial value

problem

7, (%)

V5(x)

y3(x) =3 % 10792 (x),

0.04y1 (x) + 104y2(x)y3(x),
0.04y1 (x) — 10%y, (x)y3(x) — 3 * 107y§(x),

y1(0)=1, ¥2(0) =1,

y3(0) = 1.

Numerical results for the Robertson problem by method (5)—(6) are compared with

those of the parallel SDMM method in Table 1. The solution curves are displayed in Fig. 2.

Test 2 The following stiff initial value problem arises from a chemistry problem:

771 (%) = =0.013y5(x) — 1000y (x)y2(x) — 25001 (x)y3(x),

Y5 (%) = —0.013y2(x) — 1000y, (x)y2(x),

Page 8 of 14
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Table 2 The absolute errors for Test 2

X Vi Method (5)-(6) SDBDF

2 )% 2.88593E-13 3.188688E-9
)%) 7.23197E-8 1.807690E-3
y3 1.87633E-7 5.760193E-4

3(x) = =2500y1 (x)y3(x),
with y1(0) = 0, ¥5(0) = 1, y3(0) = 1. For x = 2, the exact solution is

y1(2) = —0.3616933169289 % 1075,
2(2) = 0.9815029948230,

y3(2) = 1.018493388244.

This problem is solved by method (5)—(6), and the second derivative BDF method
(SDBDF) with /% = 0.0001. The absolute errors of the numerical integration at x = 2 are
tabulated in Table 2.

Test 3 Consider the stiff system

¥1(®) = =10y1 (x) + 21y,(x), y1(0) =1,
Y5(x) = =21y1(x) = 10y2(x),  »2(0) =1,

y3(x) = =10y3(x),  x3(0) = L.
The exact solution is given by

y1(x) = e1%(cos 21x + sin 21x),

—10x(

ya(x) = e cos 21x — sin 21x),

y3 (x) — e—le‘

This problem is solved by method (5)—(6), and the sixth-order method given by [19]

h K2
Vel = Y + ﬁwoofnﬂ — 780f42) + 5(372&“1 +348g,,.2)

3

h
+ _(lllanrl - 491n+2)r
120 i (20)

h h
Yne2 =Yn t 1_5 [120fn+1 - 90fn+2) + 1_5(48gn+1 + 4‘28gn+2)

h3
+ 1_5(14ln+1 - 6ln+2)'

The absolute errors of the numerical integration are illustrated in Table 3.

Page 9 of 14
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Table 3 The absolute errors for Test 3

X Vi Method (5)-(6) Method (20)

5 " 267946 x 1072 2.80886425E-12
V) 169554 x 107 4.18209911E-12
V3 1.1381 x 107 9.547918011E-15

7 Conclusion

Multiderivative methods are used to solve stiff problems effectively. This paper has been
able to develop implicit formulas of linear multistep methods to hybrid superimplicit for-
mulas for the solution of initial value problems. Here a hybrid multistep multiderivative
method is derived with parameters that control stability and the degree of accuracy. It is
clear from the tables that our new methods are accurate. However, choosing the values of
the parameter such that the method is super implicit, the new method has large stability
regions. The method is L-stable for k = 2 and 3 and L(«)-stable with large « for k = 4 and
5. The parameters are determined to minimize the truncation errors for different k.

Appendix
The coefficients of (5) and (6) for k = 2 are

ag=1-PB+ (2(B2 +31))/(2+3(-2 +9)s),

a1 =-2+ B — (2(B2 + 312))/(2 + 3(=2 + 5)s),

Bs = (2(B2 +3y2))/(B2(2 + 3(=2 + 5)s)).

Vs = (B2(=2 +8)(=4 + 95) + 2(=2 + 35(2 + s(=1 + 1) — 4y) + 57))
1(2(2+3(=2 +9)s)12),

V1 =2-8+u—2v, vo==1+s—pu+vyp.
The error constant of the local truncation error is

T = (Ba(-2+5)(8 +5(—23+85)) +2(2-21y,
+3s(-2+5+2(12+5(-9 + 25))12)) ) /24(2 + 3(-2 + 9)s).

The values s = 2 and 8, = =3y, minimize the truncation error, and the error constant

1
becomes L

The coefficients of (5) and (6) for k = 3 are
g = (B3(=3 +5)*(39 + 25(=26 + 95)) + 2(~85 + 243y
+35(60 — 147y3 + s(—47 + 25(8 + s(—1 + y3) — 12y3)94y3))))
/(8 +6(=2+5)s(3+2(-2 +5)s)),
a1 = (-8B3(=3 +)*(3 +s(=5 + 35)) + 3(36 — 90s + 935> — 40s° + 65*
—4(-3+5)(-8+ (=7 +5)(=2 +5)s)y3))

/(4 +3(=2+9)s(3+2(=2+9)))),

Page 10 of 14



Agarwal and lbrahim Advances in Difference Equations (2019) 2019:286 Page 11 of 14

ay = (B3(=3 +5)*(9 — 285 + 30s%) + 6(=9 + 15y3 +5(36 — 533
+5(=57 + 325 — 65> + 2(=7 + 5)(=5 + 9)3))))
/(8 +6(=2+5)s(3 +2(-2 +5)s)),
Bs = (B3(139 + 65(=36 + 115)) + 6(—11 + 33y3 +5(18 — 473 + 65(~1 + 2¥3))))
/(B5(4+3(=2 +5)s(3 +2(=2 +9)s))),
¥s = —(18 + B3(=3 +5) (13 — 425 + 225%) — 583
+35(—22 + 66y + 5(18 — 47y3 + s(—4 + 8y3))))

1((4+3(=2+5)s(3 +2(=2 +5)s)) ¥3),

v1=§(6—55+s2—u—6vo),

vz:—3+4s—s2+2u+3vo,

1
V3 = 5(2—35+s2 —3M—2Vo)-
The error constant of the local truncation error is

T = —(—6(36 + (-3 +5)s(66 + 5(=3 + 5)s(9 + 2(-3 + 5)s)))
+ B3(=3 + )7 (60 + 5(—282 + 5(549 + 10s(-42 + 115))))
+2(-3 +5)(—168 + 5(816 + 55(—332 + 35(96 + s(—35 + 45)))) ) 3)
/(120(4 + 3(-2 +9)s(3 + 2(-2 + 5)s))).

The values s = 3 and y3 = —18/85 minimize the truncation error, and the error constant

9
becomes e

The coefficients of (5) and (6) for k = 5 are

g = (~12(48,076 + 5(6 + )s(5145 + (=6 + 5)5(1029 + (=6 + 5)s(91 + 3(—6 + 5)s))))
+ Bs(=5 +5)*(56,620 + s(~157,046 + 5(177,225
+5(—103,780 + 5(33,260 — 5538s + 3755%) ))))
+ (=5 +5)(~522,500 + 5(1,525,694 + 55(~369,805 + 5(240,067
+5(—89,980 + 5(19,438 + 155(—149 + 75)))))) ) 5)
/(12(576 + 5(—4 + 5)s(180 + (—4 + 5)s((114 + (=4 + 5)s(31 + 3(-4 + 5)s))) ) );

a1 = —(Bs(=5 + )% (42,048 + 5(~142,992 + 5(215,940 + s(~161,656
+5(62,642 + 3s(—4022 + 3055))))) ) — 30(14,400 + s(—55,440
+5(96,708 + 5(~90,832 + 5(49,650 + s(~16,296 + (3167 + 3s(-112 + 55))))))))
+2(=5 +5)(~191,808 + (676,944 + 55(—213,732 + 5(173,836
+5(=77,608 + 5(19,147 + 35(-811 + 415)))))) ) v5)

(

/(6 576 + 5(—4 + s)s(180 + (=4 + s)s(114 + (=4 + s)s(31 +3(—4 + s)s)))));
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a = (3B5(=5 +5)%(2256 + s(~11,052 + 5(23,075 + s(—21,734

+5(10,114 + 5(=2266 + 1955)) )))) — 20(3600 + s(~19,260

+5(44,967 + 5(~52,064 + 5(33,405 + 5(—~12,468 + (2693 + 35(~104 + 55))))))))

+3(=5+15)(~19,632 + 5(98,628 + 55(—42,557 + 5(43,063

+5(—22,712 + 5(6388 + 5(~899 + 499))))))) ¥5)

1(2(576 + 5(=4 + 5)s(180 + (—4 + $)s(114 + (=4 + 8)s(31 + 3(-4 + 5)s)))) )5
a3 = —(Bs(=5 +5)° (8384 + 5(—45,232 + 5(105,420 + s(-115,304 + 5(62,566

+35(~5402 + 5355))) ))) — 60(1600 + 5(~9360 + 5(24,132

+5(~31,536 +5(22,830 + 5(=9522 + 5(2273 + 35(-96 + 55))))))))

+2(=5+5)(~33,344 + 5(183,824 + 55(—88,084

+5(102,076 + s(—61,564 + 5(19,489 + 35(~1009 + 59%))))))) )

1(6(576 + 5(=4 + 5)s(180 + (—4 + $)s(114 + (=4 + 8)s(31 + 3(-4 + 5)s)))) )5
o = (B5(=5 +)* (3636 + 5(—20,466 + 5(50,145 + s(~58,928

+5(35,104 + 35(—3406 + 3855)))))) — 60(900 + s(~5490 + s(14,853

+5(—20,668 + 5(16,125 + s(—7314 + 5(1907 + 3s(-88 + 55))))))))

+ (=5 +)(-24,732 + 5)142,074 + 55(~71,433 + (88,447

+5(=57,892 +5(20,122 + 3s(~1141 + 71s))))))) ¥5)

/(12(576 + 5(—4 + $)s(180 + (=4 + 5)s(114 + (—4 + 5)s(31 + 3(—4 + 5)s))) ) );
Bs = (2(—60(274 + 15(=5 + 5)s(9 + (=5 + 5)s) + B5(40,538 + 155(~6585

+5(4898 + 5(~1410 + 1375))))

+5(=5+5)(~3014 + 5(6623 + s(—3923 + 6755)) ) 5) )

/(B5(576 + 5(—4 + 5)s(180 + (4 + 5)s(114 + (—4 + 5)s(31 + 3(~4 + 9)s)))) );
¥s = (60(=5 + 25)(24 + (=5 + 5)s(20 + 3(=5 + 5)s)) — B5(~5 + 5)(3576

+5(=15,500 + 5(16,655 — 64655 + 8225%)))

+ (33,576 — 55(30,140 + s(—36,129 + (17,492 + 5(-3649 + 2705)))) ) ¥s)

/((576 + 5(~4 + 5)s(180 + (=4 + 5)s(114 + (—4 + 5)s(31 + 3(—4 + 5)s) ) ) ) v5);
vy = (120 — 154s + 71s* — 145> + s* — 6 — 120v0) /24;

= (—60 + 107s — 595> + 135> — s* + 84 + 60v() /6;

(

(

(40 — 78s + 495> — 125> + s* — 124 — 40vp) /4;
(=30 + 615 — 415> + 115> — s* + 241 + 30v0) /6;
(

V3
V3
V4
Vs

= (24 - 50s + 355> — 105> + s* — 504 — 24v()/24.
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The error constant of the local truncation error is

T = —(~180(4800 + (=5 + 5)s(6576 + (=5 + 5)s(3820
+7(=5 +5)s(152 + (=5 +8)s(20 + (=5 +5)s))))) + 3B5(=5 +5)*(30,912
+5(~198,000 + 5(567,740 + s(—841,720 + 5)704,268 + s(—345,575
+5(98,505 + 7s(-2155 + 1375))))))))
+ (=5 +5)(~977,472 + 5(6,397,200 + s(—18,824,100
+5(29,186,060 + 7s(~3,739,208 + 55(407,305 + s(~136,318
+5(27,268 + 5(-2974 + 1355))))))))) ¥5)

/(2520(576 + 5(~4 + 5)s(180 + (—4 + s)s(114 + (=4 + 5)s(31 + 3(~4 + 5)s)))) ).

The values s = 5 and y5 = —1800/12,019 minimize the truncation error, and the error con-

600
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