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Solving Systems of Ordinary
Differential Equations Using Adams’
Interpolation Method with Guaranteed
Accuracy

Oleg B. Ermakov

A technique of constructing two-sided approximations for solution of a system
of ordinary differential equations based on an implicit Adams’ method is con-
sidered which takes account of truncation and rounding errors. Errors in the
input data are taken into account at the stage of numerical solution using the
PASCAL-XSC compiler, which implements a built-in interval vector-matrix
arithmetic.
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PaccemarpuBaercst criocod mocTpoeHust AByCTOPOHHUX ITPHUOINZKEHN pelleHns
CUCTEMbI OOBIKHOBEHHBIX JTUd DepeHnnaaIbHbIX yPaBHEeHN Ha OCHOBE HESIBHOTO
MeToa AtamMca ¢ yIeTOM MOTPEITHOCTA MEeTO/Ia U TOTPEITHOCTEN OKPYTJICHMIA.
[TorpentHocTn BXOIHBIX JTAHHBIX YIUTBIBAIOTCSA Ha, ITAlle UNCICHHOTO pere-
Hust ocpeacTBoM npumerenns KommmiaTopa PASCAL-XSC co BeTpoenHoif
MHTEPBaJbHONW BEKTOPHO-MaTPUIHON apudMeTHKOI.
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Let us consider the problem of obtaining a guaranteed two-sided estimate
for solution of a system of ordinary differential equations (ODE) in the form

of

y/ - f(tvy)a <1>
y (to) € [yo] (2)

where y, f € R", [yo] := {go,go} € I (R"), with inaccurate initial data using

an interpolative Adams’ method. Let the right-hand sides of (1) be defined
and continuous in the open domain D C R™™ = {t,y1,...,y,} and sat-
isfy the off-diagonal monotonicity condition in this domain [1, p. 235]: each

function f;(¢,y) (i = 1,n) does not decrease on y1, ..., Yi—1, Yit1, - - - » Yn, L.

1 2 1 2 1 2) (1 2 1 2

from yi' < oyl < w0 = 0Pl <l <

it follows that f;(¢t,y™M) < fi(t,y™M). This condition is satisfied if inter-
0

section of D and a plane t = 7 is convex in Rj for any 7 and % >
J

0, (z %+ 931, = L_n) As in [2|, we append a constant interval vector ¢ :=
@, G} € I'(R"),q, <0,0 <7 to the right-hand side of the system (1) such
that the error of Adams’ method and rounding errors are overcompensated
for upper functions and undercompensated for lower ones. The case of one
equation is considered in [3]. Inaccurate input data of the problem (1)-
(2) is taken into account during numerical solution using a PASCAL-XSC
compiler that implements built-in interval arithmetic. In this context, in
the nodes of the net t; € [to, T (tk =ty + kh,to+ph =T,k = m) the
inclusion is guaranteed

y (tr) € [gk,yk} (3)
where Y, Uy are the approximate values of lower and upper functions of the
ODE system (1), respectively.

Thus, in order to approximate values of lower and upper functions [y;] :=

[gk,gk} € I (R") of the system (1), where k = m — 1, p, we use the formula

m—1

k] = [Yr—1] DR ® Z c, ® <F(tk—m [Yyk-0]) @ 6]) (4)

where ¢ are the coefficients of the Adams’ interpolation formula (see e.g.
[4]), F' (¢, [y]) is a natural interval extension [5] of the function f (¢,y), and
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@, ® are the machine arithmetic operators that allow construction of two-
sided approximations that take the rounding errors 3;; into account. Let
us introduce the functions y,  (t), §,_1(t) € R", k = 1,p, which are
exact solutions of (1) given the initial conditions y, | (t)-1) = y, | and
Up_1 (tk—1) = Yp_; for constructing lower and upper functions, respectively.

Actually, the interval-valued function [yr—1 ()] := |y, | (), ¥ (t)} such

that [yr—1 (tx—1)] = [gk_l,gk_l} is thus introduced which is represented

by its boundary real-valued functions. Below we will consider the case of
constructing upper functions (if not stated otherwise). If py is the error of
the underlying Adams’ method, then

m—1
Teo1 (tk) =Ty (te—1) + R Z C:;f(tk—z/agk—l (te—v) ) = Pk-
v=0
Let also
Ap =T —Yp1 (), k=1m-1 (5)
be the actual local errors of computing the starting points v, ..., ¥y,,_; SO
that
A €10, A (6)
where A; := maxj<j<m-1 Ak, ¢ = 1,n. Estimating (5), we can establish

conditions under which the inclusions (6) hold for m — 1 < k < p as well.
In order to construct lower solutions we apply the same reasoning using
functions y,  (¢).

Theorem. Let the following conditions be satisfied in the domain D C
Rn—kl:

1) filt,y1,...,yn),i = 1,n are m times differentiable in D;

2) (tk,lyr]) € D,k = m — 1,p, where [y are found in accordance with
(4);
3) Bi,k + Piy, € [12771] g [177]7]{ =m — 17p7

dfi
8yj

€ L] € [L1],
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& 8]‘} Z@fzﬁfT

i,j=1,n);
8t6’y] = 8y]8y0 3y, ay; | = M0 )

4) the starting points Y. o Uik k =1, m — 1 satisfy the inclusions

yi,k - gz’,k—l (tk) S [07 AZ] - [07 A]?
Yir = Yina (tr) € [—A;,0] C[—A,0];
5) the parameters A, q.,q; are such that the following relations hold:
A > 1o
~ 1—mnhc;—nh(I—=1) (nt —n~)exp (—nhl) — 2nh2b’

_ ¥ A _ _
g, = h! (—% + 5 (1 — nhegl +nh (n™ +n7) (L +1;) exp (—nhl))) :

+7, _ )
q = Bl (_¥ — % (1 = nhcil +nh (n" +n7) (L +1;) exp (—nhg)))
where A := maxi<;j<, A; and the quantities n*,n~, b are determined

as follows: n* == m3+n5+---, N7 = mAtnut e, Y = Cog e+
m—2

cop=12...;b:= > b, 0, := M@(!nu+2|exp(—nhl) + -+
pn=1

Ml exp (= nhl(m = 1= 1))), © := (1 = exp(~nhi)) /(nhl).

Then at the points tj, € [ty,T], k = m — 1,p, we have the solution of
the problem (1)-(2):
y(tr) € [yl

Comment. One can estimate the widths of the intervals obtained, for in-
stance, by solving the corresponding differential equation for the difference
of upper and lower functions with already known corrections g and ¢. An-
other method to get this estimate is to directly measure the intervals [y;] of
(4) with ¢ := [q,q], taking into account item (5) of the Theorem.

Based on this Theorem, we can propose the following algorithm for con-
structing upper (lower) functions of the solution of (1)-(2) using Adams’
interpolation method.

To get the values of the upper (lower) functions by (4), one must have
certain starting points (intervals). These starting values [yx] ,k = 1,m — 1
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can be obtained, for instance, by Euler’s method. In this case the actual
local error is equal to the sum of the errors of the method and rounding
errors. Indeed,

] = [yk—1]) & h @ (F(ti1, [ye—1] ) & ¢*) (7)

where ¢* := [g*,q*} € I (R") is the correction constant for the right-hand

side of (1) for Euler’'s method. Analogously, we can find the value of the
actual local error for upper functions:

Aik = Tip — Yig—1 (tk)
= h(f(tk:—h?k—ﬂ — f(tr1, Yoy (to-1) )) + Bik + pix + ha;
= Bik+ pir + hq (8)

Let Bix+pix € hz‘, 7:‘} . = 1,n. Using the theorem on monotonicity with

respect to inclusion [5], we require that the correction constants in (8) for
obtaining starting points by Euler’s method g, 7 = 1, n satisfy the condition

7|+ har < [0, A
Consequently, for any value of the actual local error in the starting points,
A>T -y, i=Tn (9)
it is possible to determine the correction vector
_ T A
gd=hp =" )

The reasoning is analogous in the case of constructing lower functions.

After we have calculated starting values of the upper function by Euler’s
method with the actual local error as defined in (9), we must estimate the
values in item (3) of the theorem and then inspect the inclusions

[0,A;] C[0,A] (10)

where A is determined from item (5) of the Theorem. If (10) proves true,
then the solution is sought using (4). Otherwise, the step h must be de-
creased and the procedure repeated.



Solving Systems of Ordinary Differential Equations Using Adams’ Method. . . 95

ing
cho

In conclusion, we would like to note that the whole process of construct-
upper (lower) solutions of the problem (1)-(2) includes three major steps:
osing starting points for obtaining two-sided approximations as described

in [2], computing guaranteed solutions using an extrapolation method [2],
and refinement of the estimate obtained by the interpolation method de-

scri

bed in the present paper.
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