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Abstract We propose a new verification method to enclose solutions for initial value prob-
lems of systems of first-order nonlinear ordinary differential equations (ODEs) using a lin-
earized inverse operator. The proposed approach can verify the existence and local unique-
ness of the exact solution independent of the choice of the approximation scheme, while
the existing methods usually depend on the numerical scheme for the approximate solution.
In contrast, most of the well-known verification methods to enclose solutions for nonlinear
ODEs work only on the specified approximate solution. Namely, in the existing verification
methods the numerical scheme for computing an approximate solution is essentially limited
to the Taylor method . Therefore, one of our purposes is to develop a verification method
that can obtain guaranteed error bounds independent of the approximation scheme. We will
present numerical examples of the proposed verification method that obtain rigorous er-
ror bounds of the approximate solutions obtained by the Euler method or the second-order
Runge-Kutta method.
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1 Introduction

In this paper, we consider a numerical verification method for the existence and the local
uniqueness of solutions for the following system of first-order nonlinear ordinary differential
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equations (ODEs):

{ Au' = f(t,u), in J, (1a)
u(0) = up, (1b)
where u:= (uy,...,u,)" is an n-dimensional vector function. Here, J := (0,T) C R, (T < )

is a bounded interval, n is a positive integer, A is a symmetric positive-definite matrix in
R™ " u is an arbitrary initial vector in a given initial-value set Uy C R”", and f is a nonlinear
operator from J x LP(J)" to L*(J)", (2 < p < o). In addition, we assume that f is Fréchet
differentiable at an arbitrary v € H'(J)" and the derivative f'(v) belongs to L=(J)"*". We
denote that the solution u(r) of (1a) and (1b) as u(t;up). An orbit of (1a) starting at ug is
given by the set y(ug) := {u(t;up) € R" ; t € J}, where J := [0, T] means the closure of J.
Moreover, we define the family of the orbit of (1a) and (1b) as the union of the orbits for all
initial values, i.e., Y(Up) := Uy, eu, ¥(uo)-

Many methods have been developed for the same purpose. The Lohner method [6] and
the Taylor model developed by Berz and Makino [1] are especially well known. Moreover,
various software packages exist, including AWA by Lohner [7] and COSY INFINITY by
Makino [8]. RiOT and ACETAF by Eble [2] are also available. A technique combining the
Taylor model [1] and Nakao’s method was proposed by Yamamoto and Komori [11]. All of
these existing works are verification methods for the orbits of nonlinear ODEs that use the
Taylor series. Therefore, the nonlinear operator f must be smooth enough for ¢ and u.

In contrast, our method is based on functional analysis, and it does not need the higher-
order derivatives of f. Moreover, we only need an approximate solution, which can be cal-
culated by any algorithm. Therefore, our method can be applied to a much wider range of
mathematical problems than those for which previous methods are appropriate. Also, some
of the numerical results in Section 8 show that the present approach gives better accuracy
than the existing method.

2 Notation and function spaces

In this section, we introduce the function spaces and the projections onto finite-dimensional

subspaces that will be used in this paper. Let L2(J) be the set of square integrable func-

tions on J, which is a real Hilbert space with inner product (u,v),2) := [;u(r)v()dt. For

1

arbitrary 1 < g < o, let L7(J) be a Banach space with norm |{u(|zq(;) = ([; |u(?)|? dt)4.

Similarly, let L*(J) be a Banach space with norm ||u\|Lm(]) := esssup,; |u(t)|. For each
T

u € LI(J)", we define N, (1) € R" as N, (u) 1= (Hul [ \|u,,\|m<]>) .

Let H'(J) be a Sobolev space defined by H'(J) := {u € L*(J) ; u’ € L*(J)}, which is
a Hilbert space with inner product (u,v)g1 ;) = (u,v)2(y) + W',V) 2. Let V1(J) be a
subspace of H'(J) defined by V!(J) := {u € H'(J) ; u(0) = 0}. Then, V!(J) is a Hilbert
space with inner product (u,v)y1;) = (u',v') 2.

For a Banach space X and a positive integer n, we define the n-dimensional Banach space
X"by X" :=X x --- x X with norm |Ju||x» := /X, ||u,|\§ Similarly, let X"*" be an n-by-n
matrix Banach space. We denote the L~ (J)"*" norm by |B|| «(jyuxn := ess sup,e;max /o (B(t)TB(t)),
where 6 (B(t)"B(t)) C R are the set of eigenvalues for B B.

1
For arbitrary 1 < g < oo, we define the £¢ norm for x € R" by ||x||, := (X1, [x:|T)7.
Moreover, we define the £~ norm for x € R” by ||x]| ;e := max{|xi|,...,|x|}.
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Let H|'(J)" be a finite-dimensional subspace of H'! (/)" where k > 0 is the discretization
parameter.

We denote the set of floating-point numbers by F. For the nonsingular floating-point
number matrix M € F"*", the interval vector [£] C R”, which includes 0, and the translation
vector § € F", we define the initial-value set Uy C R" as Uy = § +M|[&]. Namely, we assume
that the initial-value set is represented by an affine map in our verification method.

3 Numerical solutions

From the definition of Uy,  is an element of U. Therefore, we define u; € H|(J)" as the
approximate solution of (1a) and (1b) that approximately satisfies the following nonlinear
ODEs:
{ Au) = f(t,uy), in J, (2a)
ur(0) = €. (2b)
Namely, it is sufficient to satisfy the equality of (2a) in the approximate sense, but we as-
sume that the equality (2b) is rigorously satisfied. Moreover, we can use any algorithm to
solve (2a) numerically. Namely, the calculation to obtain u; could be done by floating-point
number operations, and we do not need any rigorous computations that would yield the exact
solution of (2a). However, u; has to be an element of Hk1 .

For example, when (2a) and (2b) are solved by the finite difference method, no round-
ing errors are generated in the calculation of 1 (0) = { because { € F". Therefore, we can
consider that the equality (2b) strictly holds. Since the finite difference method provides in-
formation only at discrete points of the approximate solution, one has to use some suitable
interpolation method to connect between these discrete points. It might be appropriate to
choose Hk1 (J)" as a Lagrange-type finite-element space that has the same order of conver-
gence as the finite difference method.

4 Numerical fundamental matrix of solutions

From the definition of the initial-value set Up, for an arbitrary initial value ug € Uy there
exists & € [€] such that ug = § + ME. Here, { is the center of Uy, and M& is the error for the
initial value ug. In Section 3, we defined the time evolution of { in our verification method.
In this section, we will define the time evolution for M&.

Since & is the “error”, it cannot be strictly expressed in a computer. Therefore, we con-
sider the time evolution of M. Note that & is an element of R” and is not an interval of R".
The interval vectors are notated by square brackets, [-], throughout this paper.

Let Ey € H] (J)"" be the approximate fundamental matrix of solutions that satisfies the
following linear ODEs:

{ AEIQ —f/(uk)Ek =0 in J, (33.)
Ex(0) =M. (3b)

Notice that, similar to the case of u, it is sufficient to approximately satisfy the equality
(3a). However, the equality (3b) must be rigorously satisfied. In order to compute Ey, it is
usually appropriate to apply the same numerical method as for uy.

We now define the time evolution of M& by Ej(t)&. Therefore, we can obtain the en-
closure of this for any & € [£] by Ei(r)[&], where Ej(¢)[£] denotes the multiplication of a
matrix and an interval vector.
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5 Norm estimates for numerical solutions

In this section, we consider the estimates of Ey. For any 1 < g < e andi € {l,...,n}, we
define N, (Ey ;) € R" by the vector whose elements consist of the L7(J) norm of the i-th row
of Ek, i.e.,

T
Nq(Ek,i) = (HEk,i,IHLq(J)v" B} Ek,i,ll’|Lq(J)>

Lemma 5.1 Forany 1 < g <eandic {l,...,n}, the following estimate holds:

s ELE). < ||V, (Ey; s q . (€]
398 N(BE) ) < B 0 161,

Proof. For arbitrary & € [§], we set uy(t; &) := Ei(r)&. Then, the i-th component of ug
is written by us;(1;8) = X7_ Exi j(1)&;-
First, we consider the case of 1 < g < c. From the Holder inequality, we have

" q
Hus.i(-;é)HZq(J)Z./J ;Ekw([)éj dt
.\
Sﬂ(;wﬂﬂw)<gwwﬂ> B

(£ hetitn) (£ \a,-v“l)q_l

HuS-,i(';é)HLQ(j) < HNq(EkA,i)qu Hé”(% .

Next, in the case of g = 1, we have

dt

|mm@mm=j§mmwj

S (Z |’Ek7iyj|’L1(])> max{'é”a" 7|§n|}
Jj=1

= ||N1(Ek,i)||1;‘1 1 -

Finally, in the case of ¢ = oo, we have

n
Eyi (1))
j=1

l[t5,i(+: &)l o) = ess sup
teJ

n
< maX{HEk‘i,l HLw(J)7...7|’Ek,[7n‘|Lm(j)} Z,l |€/|
=

= || Neo (B ) || o 1€ 11 -

Therefore, this proof is completed. [
The upper bounds of supg[g) 1€ ”4 o in the right-hand side of (4) can be computed by
e

interval arithmetic. Note that E; is approximately computed, but the upper bounds of the
norm of Ej; must be rigorously computed.
Similarly, the residual norm of E;£ is obtained as follows.
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Lemma 5.2 Forany 1 < g <eandié€ {l,...,n}, the following estimate holds:

sup | ((AE, — f' (o) ER)E) || o) < [Ng (AEL = f (@) Ex)) || sup €1 0o (5)
gelél celg) !

q-1

The proof is almost the same as that for Lemma 5.1, so we have omitted it.

Since the left-hand side of (5) is the residual norm of E;&, we expect that it has a conver-
gence order with respect to the discretization parameter k. However, if we directly compute
it by interval arithmetic, the convergence order may not be observed. This phenomenon is
considered to be due to the cancellation of significant digits. On the other hand, the estimate
of the right-hand side of (5) is separated into the interval [§] and the residual norm of Ej,
which is independent of [£]. It plays an essential role in attaining the desired convergence
order with respect to the discretization parameter k.

6 Verification conditions of solutions for the residual equation

We defined the approximate solution and the approximate fundamental matrix of solutions
in Section 3 and Section 4, respectively. However, the discretization error, the truncation
error, and the rounding error of (2a) and (3a) were not considered. We will discuss these
errors in the present section using the residual equation.

Let & be an arbitrary element of [£]. Then, the residual equation for £ is defined by

{ AW — f'(u)w = f(t,ue+ E& +w) — f(w)w — Auy, — AERE, in J, (6a)
w(0) = 0. (6b)

From now on, we will denote the right-hand side of (6a) by g¢ (w):=f (t, u +Ep &+ w) —
f'(u)w — Auj, — AE E. Moreover, we will denote the solution w(r) of (6a) and (6b) by
w(t;&). Then, the existence and the local uniqueness of the solution u(-;ug) for (la) and
(1b) are equivalent to the existence and the local uniqueness of the solution w( ;&) for (6a)
and (6b). If we put u(t;up) := ug(t) + Ex ()& +w(t; &), then u(-;up) satisfies (la). Also,
from (2b) and (3b), we obtain the following equality:

u(0;u0) = ug (0) + Ex(0)E +w(0;&) =+ ME € Up.

Therefore, in what follows, we consider the existence and the local uniqueness of the solu-
tion w(-; &) for (6a) and (6b).

Let.%, : V1 (J)" — L?(J)" be the linear ordinary differential operator of the left-hand side
of (6a), i.e., &4 ::A% — f"(uy). Then, the residual equations (6a) and (6b) are equivalent to
the following fixed-point problem:

w(-:&) =2 "g: (w(-:8)). @)

We denote the nonlinear integral operator of the right-hand side of (7) by Fg := Z! 8-
Then, from the Sobolev embedding theorem, Fg is a compact operator from L” ()" to
LP(J)". Therefore, we can use the Schauder fixed-point theorem to show the existence of
a fixed point of (7).

For a suitable positive constant & € R, which is independent of £ but which is deter-
mined to be dependent on the interval vector [£], we define the candidate set Wy, C LP(J)"
as follows:

Wy = {w eLP(U)": Wil < a}.
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If Wy satisfies Fg (Wq) C Wy, then at least one fixed point of (7) exists in Wy, by the Schauder
fixed-point theorem. Therefore, the sufficient condition of Fg (Wy) C Wy becomes a verifi-
cation condition for the existence of a solution.

We assume that we can obtain the positive constant C;» ;, that satisfies the following
estimates: '

(B

2 (2@ ) sCrp- ®

For example, a computational method to get Crapp is given in [5]. Then, we have the fol-
lowing estimates:

1Fe W) g0 = sup |47 85 ()]l

IN

[E7

f(LZ(J)"‘Lp(J)") WSGuVIV)a Hgé (W) HLZ(J)”

< Cp2;p sup ||ge(w -
12,Lp wevga H e )”L2(J)
Therefore, Fg-invariance of Wy, is written as the the following inequality:
Cp21p Sup ||g5(w)”L2(J)” <a. )
weWy

Since the parameter & is an arbitrary element of [£], we have the sufficient condition of
(9) by

Cy27p sup sup ||ge(w 2o (10)
12,1 ge[g]wevgau & )”L2(J)

The rigorous upper bounds of supremum for & in (10) can be computed by interval arith-
metic. Thus, we can obtain the verification condition of the existence for the family of solu-
tions with all initial data in [&].

Similarly, we can obtain the verification condition of the local uniqueness for solutions
of the residual equation. Let & be an arbitrary element of [£] C R". For a suitable positive
constant ¥ € R, if Wy has Fg-contractility, then the fixed point of F is unique in Wy. Namely,
we show that there exists a constant 0 < CF5 < 1 satisfying

(| Fe (W) — Fe (w)||m<l),, SCr W=y, Yww €Wy (11)

Since the parameter £ is an arbitrary element of [£], we have the verification condition,
0< SUPgc(g] CF5 < 1, for the local uniqueness of the solution of the residual equation for

arbitrary initial data in [&].

Remark 6.1 From the fact that the matrix A is symmetric and positive definite, it is seen that
the initial value problems (1a) and u' = A*If(t, u) are equivalent. Therefore, without loss of
generality, we may assume that A is an identity matrix. However, from our experience on the
estimates of the linearized inverse operator [5], the estimates of the inverse of A% — f(w)
are usually easier than the estimates of the inverse of % —Aly (ux). This is because in the
estimates for the inverse ofA% — f'(uy), it is sufficient to get a lower bound of the minimum
eigenvalue of A, while we need the square of the minimum eigenvalue of A for the estimate
of the inverse of% — A ().
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7 A posteriori estimates

After verifying the existence of a fixed point of (7), we calculate the a posteriori (error)
estimates for the fixed point (i.e., the solution of (6a) and (6b)).

Theorem 7.1 Let o be a positive constant satisfying (10). For an arbitrary initial value
ug € Uy, we denote the solution of (1a) and (1b) by u(-;ug) € H' (J)". Then, for any 1 < g <

wandi € {1,...,n}, we have the following error estimate:
sup [[ui(-3u0) = kil oy < Cro paCpal 1 0+ [|Ng (x| sup €l o . (12)
upely &€l fq
Proof. —— From the definition of Uy, there exists & € [£] such that uy = { +ME. Moreover,

w( ;&) exists in Wy, which is the fixed point of (7) for £ by assumption (10). Therefore,
calculating L norm for (7), we have

i (38 zary < (-5 6) ey
=Z s (W(.;é))HUl(j)
SCLZL‘]Hgé W 9 ‘|L2(J)

<C
o e *;‘asa”gi iz

< CLZ,LqC 2 p &
From the fact that u(t;ug) = ui(t) + Ex(1)€ + w(£;€), we have

[oai - s200) = il | gy < I CERE )illar) + Wi (-2E) g

<Cpu CL2 Lp

a+ HN Ekl H/q Sup ||§H 4 )
where we used Lemma 5.1. [J

From the result in Theorem 7.1 with ¢ = e, we obtain the enclosure of the family of the
orbit of (1a) and (1b) as follows:

}’(Uo) - {uk(t) +ceR";tre 7, |C,“ < CLZ,L"“CLZ Lpa+ ||N00(Ek.,i)H(m ésu[}g] HgHZ‘ } (13)
S

In order to verify solutions for the initial value problem step-by-step in time, it is very
important to obtain the enclosure of the range of the family of solutions at 7, i.e., the
set {u(T;up) € R" ; up € Up}. This enclosure is immediately obtained from (13). However,
the L= estimates like (13) often cause so-called overestimates. Therefore, the enclosure of
u(T;up) is computed using a different estimate from the result in Theorem 7.1.

Lemma 7.2 Ler @ be a positive constant satisfying (10). For arbitrary initial data & € [&],
we denote the fixed point of (7) by w( ;&) € Wy. Then, for each i € {1,...,n}, we have the
following estimate:

2] < (1wl g+ VIICE,, ) a9



8 T. Kinoshita, T. Kimura and M. T. Nakao

Proof. From the assumption, the fixed point w(-; &) satisies (6a) and (6b). Therefore,
from (6a) and (6b), we have

w(T; é)—/ —Aw
= [ (w8 + g2 (w(2:8))) .

Therefore, we obtain the estimates of the i-th component as follows:

(Aw Z/ﬁ,ukw, dt+/ ge i(w(r:8)) dr
| (Aw |<Z/ | S (i w; (1€ Idt+/ |gei(W(t:€))| dr.

From the Holder inequality and the Schwarz inequality, we have

(AT )| < X Moyl e \M(«&)l!wﬁmugs,f(w(ea)lm
p=
< |1 o] L w(-:8)lLr () +\/\7||g§ ))HLZ(J)

(])n

Here, [[w(-;8)ll1p (s < & follows from w( ;&) € W. Moreover, from (10), we have
w(-; L < sup su w ngC_l o.
[l ge (w( ‘§>)||L2(J) ge[lg]weu[/’angé( )HLZ(J) 2,00

Therefore, we obtain

[(Aw(T:8)),| < || (wd) | LT (e a+vWIC L2LP

which completes the proof. [
Let [rw] C R" be an interval vector such that each component is defined by

[rw.] o= | = || A/ uk”Ll =VVici A “k”%] +V/lIC

L2 .LP

Then, the results of Lemma 7.2 show that the range of Aw(T';-) is included in [ry], i.e
Ueelg)Aw(T: &) C [rw]. Let [n] be an interval vector in R" defined by

(1] = €]+ E(T) A ). (15)
We have an enclosure of the range of u using [1] as follows.

Theorem 7.3 Under the same assumptions as in Theorem 7.1, we have the following enclo-
sure:

U u(T;u0) C ue(T) + Ee(T)[n]. (16)

upely
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Proof. —— From the assumptions, for arbitrary ug € Up there exists £ € [£] such that
uo =& +ME and u(t;up) = ur(t) + Ex ()€ + w(z; &). From Lemma 7.2, we have

u(Tsuo) = ug(T) + Ex(T)E +w(T38)
= ug(T) +Ex(T) (E+Ex(T)'A™ Aw(T: &)
€ u(T) +Ex(T)([E]+ E(T)'A™ [rw]).

Therefore, this proof is completed. [

Remark 7.4 (Wrapping effect) When we verify a family of the orbits of the initial value
problems step-by-step in time, the so-called wrapping effect appears. The effect is that the
validated set exponentially increases with the time variable in the verification process un-
less a counterplan is considered. Usually, this effect is generated by the interval arithmetic
during the multiplication of matrices and vectors. In our verification method, the wrapping
effect is mainly generated in the computation of [n]. Therefore, it is necessary to carry out
the computation of [n)] using a sufficiently careful technique.

Lohner proposed a computation technique to reduce the wrapping effect in his method
[6]. Note that, for a nonsingular matrix B € R"*", (15) can be rewritten as:

] =5 (B €]+ B (AE(T) ' Trw]). (17)

Lohner choose B as an approximate orthogonal matrix that appears in the QR decomposi-

tion of (AEk(T)) ! The following algorithm shows the computational sequence of (17) by
Lohner.

Lohner’s algorithm [6]

1. B + Q factor for numerical QR decomposition of (AEy(T))
2. [R] « [BY[(AE(T)) ']

3. 7] « [B~"1[E] + [R][rw]

4. [n] < B[7]

=T

From Theorem 7.3, we obtain the set that includes the range of solutions of (la) and
(1b). Moreover, notice that the set of the right-hand side of (16) is given by an affine map.
Since the initial value for the next time step is taken as u(T') 4+ Ex(T')[n], our verification of
the solution continues in a step-by-step fashion.

8 Verification results

In this section, we show some results by our verification method for the same problems
treated by Yamamoto and Komori [11].

Let A be the identity matrix in R>*2. We define the initial { by { = (0,4)” € F? and the
initial M as the identity matrix in R>*2. We take [£] C R? as a point vector ([0,0],[0,0])7 or
an interval vector ([—0.05,0.05],[—0.05,0.05])7. Let J be an open interval in R satisfying
|[7| = 0.01, and we try to verify this, step-by-step with step size |J|, up to the desired time.
In order to solve (2a) and (3a) numerically, we used the Euler method or the second-order
Runge-Kutta method (RK2). Note that, in the present case, the equalities of (2b) and (3b)
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are strictly satisfied. Corresponding to the Euler method, i.e., first-order accuracy, we used
the P1 finite-element space as Hk1 (J)2. Similarly, since RK2 has second-order accuracy, we
used the P2 finite-element space in that case. We used a uniform time step with k = 0.005
or k = 0.0005.

8.1 Linear problem

Now we present the verification results for the solution u(t;ug) = (u1 (t;uo), us (¢ uo))T of
the following linear ODEs with an ending time of 6.28:

{ Uy = uy, (18a)
u’z = —uj. (18b)
5

4

3

2

1

0

-10 1 - 5 5

-2

-3

-4 4

_5 _5

Fig. 1 Graph of u; 1 and uy > Fig. 2 Phase portrait

Figure 1 shows the approximate solution u;. The horizontal and vertical axes corre-
spond to time and u(r), respectively. Moreover, the black and gray lines show u 1 and uy 5,
respectively. Figure 2 is the phase plane of uy.

In this problem, since n = 2 and f(u) = (uz,—u;)” is a linear operator, we adopted
2 J )2 as the basic function space for verification, i.e., we choose p = 2. The Fréchet deriva-
tive of f at the approximate solution uy € H (J)? is given by

o (01
f(uk) - <_1 0> .
On the other hand, u; € Hk1 (J)? is defined by u, := E&. Then, the residuals for u; and u

are given by r, := —uj + f(uy) and s, := —u + f'(ux )us, respectively. Therefore gz, which
is the right-hand side of the residual equation (6a), is given by

Upa s+ wa—wy— g — Ul Fel+Se
gew)=1{_ kLTSl ) = _
(i1 + s, 1 +w1) Wi — 5 — U5 Fep+Sep
Next, we consider the sufficient condition of (10). From the linearity of the problem,
observe that

CLZ,L2 sup sup Hgg(w)” 2072 :CL2,L2 sup [|re +sel| 2 J)?
Eele] weWe Lo gele) V)

|L2(J) + ||SE,2

2 2
SCLZ,LZ §Su[]§] (||r€,1HLZ(j)+||Se,1HL2(J)) + (”re,Z |L2(J)) .
€
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Therefore, if the positive constant ¢ is taken as

2 2
o= CLZ,LZ Hre.,l ”LZ(J) =+ sup ”Se.,l HLZ(j) + <||re.2|L2(j) =+ sup |Se,2|L2(J)) »
gel€] gelé]

then the Fe -invariance of W, is satisfied.

Example 8.1-1: P1 element with [£] = ([0,0],[0,0])"

2.5E-01 2.5E-02
2.0E-01 2.0E-02
1.5E-01 1.5E-02
1.0E-01 1.0E-02
5.0E-02 5.0E-03
0.0E+00 0.0E+00
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Fig. 3 k=0.005 Fig. 4 k= 0.0005

Figure 3 and Fig. 4 show the upper bounds of errors for the approximate solution
for the P1 element (Euler method) with uniform step size k = 0.005 and k = 0.0005, re-
spectively. The horizontal axis is the time and the vertical axis corresponds to the error
ey 1= SUP, ey, |u(t;u) — uk(t)]. Moreover, the black and gray lines show e} and e,>, re-
spectively. However, these two lines seem to be almost overlapping in this case.

From the above results, it seems that the errors are increasing in time with order approx-
imately O(r). These results mean that there is no wrapping effect that causes an exponential
increase in the validated region. Moreover, the magnitude of errors in Fig. 4 is approximately
% in Fig. 3. Therefore, we may deduce that our verification algorithm has a convergence
order O(k), which seems to be a reasonable result for using the P1 element (Euler method).

Example 8.1-2: P1 element with [£] = (]—0.05,0.05],[—0.05,0.05])7

3.5E-01 1.0E-01
9.0E-02
3.0E-01 2005
2.5E-01 7.0E-02
2.0E-01 6.0E-02
5.0E-02
1.5E-01 4.0E-02
1.0E-01 3.0E-02
2.0E-02
5.0E-02 1.0E-02
0.0E+00 0.0E+00
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Fig. 5 k=0.005 Fig. 6 k= 0.0005

Figure 5 and Fig. 6 are the verification results from starting with interval initial data. The
increase in the validated region still remains approximately O(t) even if the initial-value set
is fairly big.
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Example 8.1-3: P2 element with [£] = ([0,0],[0,0])”

2.5E-04 2.5E-06
2.0E-04 2.0E-06
1.5E-04 1.5E-06
1.0E-04 1.0E-06
5.0E-05 5.0E-07
0.0E+00 0.0E+00
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Fig.7 k= 0.005 Fig. 8 k= 0.0005

Figure 7 and Fig. 8 are the verification results with the P2 element (RK2) and a point
initial value. These graphs are also increasing by approximately O(¢) in time. Moreover, it
seems that our verification algorithm has an accuracy of O(k?), which is also a quite natural
result for the P2 element.

In the present case, since the exact solution of this problem is u(¢; {) = 4(sint,cost)7,
we can directly compute the difference between u and u;. Table 1 shows the actual errors at
nodal points and our verification results. As shown in Table 1, the accuracy of our verifica-
tion results is at most twice the exact error.

Table 1 Exact errors and validated range at nodal points

CidWen O O] )
0.005 1.049910E-04 2.2736E-04
0.0005 1.049858E-06 2.2734E-06

Example 8.1-4: P2 element with [£] = ([-0.05,0.05],[—0.05,0.05])7

8.0E-02 8.0E-02
7.0E-02 7.0E-02
6.0E-02/\/\/\/\ 6.0E-02/\/\/\/\
5.0E-02 5.0E-02
4.0E-02 4.0E-02
3.0E-02 3.0E-02
2.0E-02 2.0E-02
1.0E-02 1.0E-02
0.0E+00 0.0E+00

0 1 2 3 4 5 6 0 1 2 3 4 5 6
Fig. 9 k£ =0.005 Fig. 10 £ = 0.0005

Figure 9 and Fig. 10 are the verification results of using the P2 element (RK2) with
interval initial data. In this case, it seems that the behavior of the bounds of the validated
region is almost independent of the time, for the error bounds are relatively small compared
with the width of the interval initial data. The enlargement is at most 10~3 for the validated
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region in Fig. 9. It is also seen that every graph for this problem repeats the pattern of
increasing and decreasing. This phenomenon is due to the fact that the box of the initial-
value set leads to a set of closed orbits in the phase space. The length of the diagonal of this
box, i.e., 0.05v/2 ~ 0.07071, is the maximum value of Fig. 9.

8.2 Nonlinear problem

In this subsection, we show some verification results for the solutions u(#; ug) = (u1 (t;u0),u2 (13 uo)) r
of the following nonlinear ODEs introduced by Yamomoto and Komori [11]:

{ Uy = uy, (19a)
wy =uy —u3. (19b)

We now show the results until an ending time of 3.3 so that it is the same length as shown
by Yamamoto and Komori [11].

SGAhONvSo—=MpwA®
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[ %I\)
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@
:
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o
0
Y
w

&

Fig. 11 Graph of u; 1 and uy Fig. 12 Phase portrait

Figure 11 is the graph showing the approximate solution u;. The black and gray lines
correspond to uy | and uy >, respectively. Figure 12 is the phase plane of uy.

In this problem, due to the fact that n =2 and f(u) = (u2,u; — u?)T has cubic nonlin-
earity, we used the space L°(J)2, i.e., we choose p = 6. The Fréchet derivative of f at the
approximate solution u; € H/(J)? is given by

, 0 1
f(”k):(1—3uglo)'

We define u; € Hkl (J)? by uy := Ex&, as before. Also, the residuals for u; and ug are defined
by re := —uj + f(u) and s, := —ug + f'(uy)us, respectively. Then, g¢ in (6a) is given as
follows,

ge (w) = U+ Us2 + W2 —wa = — U |
¢ g +utg,1 +wi — (ug ) + g1 JrW1)3 —(1 *3”%,1)“’1 - “272 *“Qz

_ Tel + Sel
—Bugs +ug 1 +wi) (s +wi1)?+rea+se)

Next, we consider the condition of (10). Since 8¢ is not dependent on w, we have

Hgé,l(w) HL2(J) < lre ||L2(J) + HSE-,I ||L2(J) .
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On the other hand, for an arbitrary w € Wy, we get

Hggg(W)HLz(J) < reallpaggy + lIse2llzg) + H(3uk,1 Fugy+Fwi) (g +wi) L)

Using the Holder inequality, the third term of the right-hand side is estimated as
H(3M/<1+uv1+W1)(u 1+W1)2H < ||3uic + 15,0+ w1 || sy llas.a +will7s
1t s, 2o = 1t 16 1ts, 15(J)

Lo +O£>2

< (3w || 16 + Mot ll s + 0¢) ([[oas,1 |

Therefore, we have

2 2
= +
sup sup g 09l 22 sup o \/ gz 00 2y + lge2 )l

Lﬁ)z)z'

From the above, we obtain a sufficient condition for (10), which leads to a sixth-order alge-
braic inequality in «. Therefore, if we find a positive constant ¢ satisfying this inequality,
then it implies the F-invariance of Wy.

163kl o) (o4 [

= s \/(Hre.l i lseall2)*+ (lreall 2 + lseall 2 + (et fluss
€

Example 8.2-1: P1 element with [E] = (]0,0],[0,0])7

10 1.0E-01
0.9 9.0E-02
0.8 8.0E-02
0.7 7.0E-02
0.6 6.0E-02
0.5 5.0E-02
0.4 4.0E-02
0.3 3.0E-02
0.2 2.0E-02

1.0E-02
0.1 0.0E+00
0.0 0 1 2 3

0 1 2 3

] Fig. 14 k = 0.0005
Fig. 13 k = 0.005

Figure 13 and Fig. 14 show the upper bounds of the errors for the approximate solu-
tion for the P1 element (Euler method) with uniform step size k = 0.005 and k£ = 0.0005,
respectively. The horizontal and vertical axes correspond to the time and the error e, :=
Sup,, cu, [u(t;u0) — ui(t)], respectively. Moreover, the black and gray lines show e,; and
ey, respectively.

As shown in Fig. 13, in the case of k = 0.005, our verification was unsuccessful before
T =3.3. On the other hand, by the use of a smaller step size, i.e., k = 0.0005, we successfully
verified until the desired time. However, as shown in Fig. 14, the verified accuracy seems to
be coarse.

Example 8.2-2: P1 element with [£] = ([—0.05,0.05],[—0.05,0.05])7
Figure 15 and Fig. 16 are the verification results with interval initial data. In this case,
the verifications were not quickly successful.
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1.0 1.0
0.9 0.9
0.8 0.8
0.7 0.7
0.6 0.6
0.5 0.5
0.4 0.4
0.3 0.3
0.2 0.2
0.1 0.1
0.0 0.0

0 1 2 3 0 1 2 3
Fig. 15 k£ =0.005 Fig. 16 k£ = 0.0005
2.0E-03 1.8E-05
1.8E-03 1.6E-05
1.6E-03 1.4E-05
1.4E-03 1.2E-05
1.2E-03 1 0E-05
1.0E-03 8.0E-06
8.0E-04 :
6.0E-04 6.0E-06
4.0E-04 4.0E-06
2.0E-04 2.0E-06
0.0E+00 0.0E+00

0 1 2 3 0 1 2 3

Fig. 17 k= 0.005 Fig. 18 k£ =0.0005

Example 8.2-3: P2 element with [£] = ([0,0],[0,0])”
Figure 17 and Fig. 18 show the verification results when we used the P2 element (RK2).
These results suggest that the accuracy of our verification algorithm is of the order O(k?).

Example 8.2-4: P2 element with [£] = (]—0.05,0.05],[—0.05,0.05])7

6.0E-01 3.5E-01
5.0E-01 3.0E-01
4.0E-01 2.5E-01
2.0E-01
3.0E-01
1.5E-01
2.0E-01 1.0E-01
1.0E-01 5.0E-02
0.0E+00 0.0E+00
0 1 2 3 0 1 2 3
Fig. 19 k= 0.005 Fig. 20 k£ =0.0005

Figure 19 and Fig. 20 are the verification results from using the P2 element (RK2) with
interval initial data. The validated computations are successful until the desired time 7' = 3.3,
but the relative error is not very good.

From these verification results, we can expect that our verification method has the same
accuracy as the magnitude of the residual norms ||r.|| and ||s.||. When an initial value is
the point interval, the order of the validated accuracy seems to be O(k) and O(k?) with step
size k for the P1 and P2 elements, respectively. As a consequence, it is seen that, compared
with the numerical examples of Yamamoto and Komori [11], our results are more accurate
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in the case of the P2 element but worse for the P1 element. Therefore, in order to attain
high-accuracy verification when using our method, we should choose a numerical algorithm
that results in a small residual norm.

Remark 8.1 (Computer environment) All computations were carried out on an Intel Core
i7 860, 16GB of DDR3 memory (OS: Windows 7) using INTLAB version 6.0, a toolbox in
MATLAB 2010b developed by Rump [10] for self-validating algorithms. Therefore, all nu-
merical values in these tables are verified data in the sense of strict rounding-error control.

9 Conclusions

We proposed a new verification method to enclose solutions of initial value problems for
systems of first-order nonlinear ODEs using a linearized inverse operator. We proved that
the wrapping effect could be satisfactorily reduced using an affine map to the initial-value
set. If we use the approximate solution with sufficient accuracy, the exponential enlargement
of the validated region could be avoided in the verification results. Moreover, the validated
accuracy of the proposed method is essentially dependent on the residual norm of the ap-
proximate solutions. Therefore, in order to obtain high-accuracy verification, we should
choose the numerical algorithm that yields the smallest possible residual norm.

Acknowledgements This work is supported by Grants-in-Aid for Scientific Research (S) 20224001 and (B)
23740074. T. Kinoshita is supported by GCOE ‘Fostering top leaders in mathematics’, Kyoto University.

References

1. Berz, M., Makino, K.: Verified Integration of ODEs and Flows Using Differential Algebraic Methods on
High-Order Taylor Models. Reliab. Comput. 4, 361-369 (1998)

2. Eble, I., Neher, M.: ACETAF: A software package for computing validated bounds for Taylor coefficients
of analytic functions. ACM Trans. Math. Software 29, 263-286 (2003)

3. Galias, Z., Zgliczynski, P.: Computer assisted proof of chaos in the Lorenz equations. Phys. D 115, 165-
188 (1998)

4. Kimura, S., Yamamoto, N.: On explicit bounds in the error for the H(}—projection into piecewise polyno-
mial spaces. Bull. Inform. Cybernet. 31, 109-115 (1999)

5. Kinoshita, T., Kimura, T., Nakao, M.T.: A posteriori estimates of inverse operators for initial value prob-
lems in linear ordinary differential equations. J. Comput. Appl. Math. 236, 1622-1636 (2011)

6. Lohner, R.J.: Enclosing the solutions of ordinary initial and boundary value problems. In: Kaucher, C.U.E,
Kaulish, U. (eds.) Computer Arithmetic: Scientific Computation and Programming Languages, pp. 255-286.
Teubner, Stuttgaxt (1987)

7. Lohner, R.J.: Computation of guaranteed enclosures for the solutions of ordinary initial and boundary
value problems. In: Computational ordinary differential equations (London, 1989), pp. 425-435. Inst. Math.
Appl. Conf. Ser. New Ser., 39, Oxford Univ. Press, New York (1992)

8. Makino, K., Berz, M.: COSY INFINITY Version 9. Nucl. Instr. Meth. Phys. Res. A558, 346-350 (2005)

9. Nakao, M.T., Yamamoto, N., Kimura, S.: On the Best Constant in the Error Bound for the Hé -Projection
into Piecewise Polynomial Spaces. J. Approx. Theory 93, 491-500 (1998)

10. Rump, S.M.: INTLAB-INTerval LABoratory. In: Csendes, T. (ed.) Developments in Reliable Comput-
ing, pp. 77-104. Kluwer Academic Publishers, Dordrecht (1999) http://www.ti3.tu-harburg.de/rump/intlab/

11. Yamamoto, N., Komori, T.: An Application of Taylor Models to the Nakao Method on ODEs. Jpn. J.
Ind. Appl. Math. 26, 365-392 (2009)



	web-title
	RIMS1749

