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We investigate the existence of continuous solutions on compact intervals of some non-
linear integral equations. The existence of such solutions is based on some well-known
fixed point theorems in Banach spaces such as Schaefer fixed point theorem, Schauder
fixed point theorem, and Leray-Schauder principle. A special interest is devoted to the
study of nonlinear Volterra equations and to the numerical treatment of these equations.

1. Introduction

In the first part of this work, we study the existence of a solution of the following func-
tional integral equation:

b b
X6 = f(B)+ J K(#,5)x(s)ds+ J V(t,5)g(s,x(s))ds, —o<a<t<b<too (1)

Note that the previous integral equation can be considered as a nonlinear Fredholm equa-
tion expressed as a perturbed linear equation. A Krasnoselkii-Schafer fixed point theorem
[4] is used to prove the existence of a solution of some special cases of (1.1), see [8]. The
general nonlinear integral equation has the following form:

b
x(t) = f(t)+J g(t,s,x(s))ds, —o<a<t<hs oo, (1.2)

We should mention that an extensive work has been done in the study of the solutions
of various types of (1.2), see, for example, [1, 2, 5, 7, 11, 13, 15, 16, 17, 19]. Usually the
existence of a solution of (1.2) starts with some conditions on the function g(t,s,x) as
well as the integration bounds a, b and the function f(-). Based on these conditions, a
Banach space is chosen in such a way that the existence problem is converted to a fixed
point problem of an operator over this Banach space.

To prove the existence of a continuous solution of the integral equation (1.1), we use
some conditions on the function f(-), the kernels K(¢,s), V(¢,s) as well as on the function
g(t,x). By using these conditions, we define a completely continuous operator T over
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the Banach space C([a,b]) whose fixed points are solutions of (1.1). The well-known
fixed point theorem of Schaefer [20] is used to prove the existence of a fixed point of the
operator T'. Also, by introducing a convenient new norm || - ||, on the space C([a,b]), we
study the existence of continuous solutions of the general nonlinear equation (1.2) with
finite bounds a and b.

In the second part of this work, we study the existence of continuous solution of the
following nonlinear Volterra equation:

x(t) = f(t)+ th(t,s,x(s))ds =f(t)+Tx(t), —-co<a<t<b<oo, (1.3)

where f(+) € C([a,b]). The main tool in the proof of the existence of a solution of (1.3)
is the Leray-Schauder principle combined with a general version of Gronwall’s inequality.
Moreover, we prove the uniqueness of the solution of (1.3) by showing that there exists
n € N such that T" is a contraction on some closed ball containing all possible continuous
solutions of (1.3).

This paper is organized as follows. In Section 2, we prove the existence of the solutions
of some special cases of (1.1) and (1.2). In Section 3, we investigate the existence and the
uniqueness of a solution of the nonlinear Volterra equation (1.3). Finally in Section 4, we
provide the reader with a numerical scheme for solving nonlinear Volterra equations.

2. Existence of a solution of nonlinear integral equations

In the first part of this paragraph, we show that under some conditions on the kernels
K(t,s), V(t,s) and the function g(s,x), the functional integral equation (1.1) has a solu-
tion in C([a,b]). The following theorem ensures the existence of such a solution. Note
that the proof of this theorem is based on the well-known Schaefer fixed point theorem
that can be easily found in the literature, see for example [8, 20].

TraeoreM 2.1. Consider the functional integral equation:

b
x(t) = f(B)+ LbK(t,s)x(s)ds+ J V(1,5)g(s,x(s))ds, —o<a<t<b<too, (2.1)

where f(-) € C([a,b]). Assume that the function g(s,x) satisfies the following conditions:

sup ( lg(s,x)], ’ %(s,x) ) < G(s)¢p(x), (2.2)

for some measurable function G(-) and bounded function ¢(-). Assume that the kernels
K(t,s), V(t,s) satisfy the following conditions:

[K(t,s)| < Ki(OK:(s), [V (ts)| < Vi) Val(s), (23)

for some continuous functions Ki(-), Vi(+), and L'([a,b]) function K (+). Also, we assume
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that the function G(-)V,(+) € L'([a,b)]). Finally, we assume that one of the following two
conditions is satisfied:

(c1) IKill 1K M1 < 1,

(c2) K(t,s) =0, Vs> t.
Under the above conditions, (2.1) has a solution in C([a,b]).

Proof. We first define the operator T by: Tx(t) = f(t) + f:K(t,s)x(s)ds + fab V(t,s)g(s,
x(s))ds. By using (2.3) and by applying the dominated convergence theorem, one con-
cludes that

%i{r& | Tx(t+h) — Tx(t)]|
b
~tim | f(t+h) - £(1)] +L lim | K(t+h,5) = K(69) %l ds (2.0)
b
+ Erré | V(t+h,s)— V(ts)|G(s)l¢lleds=0.
Hence, Tx € C([a,b]) if x € C([a,b]). Moreover, since
| Toxa(t) — Ta(t)|

b b
< ||xn—x||oo[L |K(t,s)|ds+L |V (t,s)] ‘g—i(s,esx,ﬁ(l—ﬂs)x)

ds], 0<6,<1

< len =l T [ + VAl [V2 - Gll gl ] = M|, — %,
(2.5)

then lim,— 1o | Tx, — Tx|e = 0, or equivalently, T is continuous over C([a,b]). Next, we
prove that T is completely continuous on E = C([a,b]) or equivalently, it maps an arbi-
trary bounded set of the Banach space E into a compact set of E. By using Arzela theorem
[12], the complete continuity of T is ensured if { Tx,; n € N} is equicontinuous and uni-
formly bounded for every uniformly bounded sequence (x,), of C([a,b]). This is done
as follows:

b
T30 = Txa(0)| < £~ F@+ | 1K(0:9 = K@) )] ds
a4 (2.6)

b
+J 1V (1,5) = V(1,5)| G(s) | $l mdls.

Since (x,), is uniformly bounded, then by applying the dominated convergence theorem
to the right-hand side of the previous inequality, one concludes that lim;_.. | Tx,(t) —
Tx,(7)| = 0 independently of # or equivalently, (Tx,), is equicontinuous. Moreover, it is
easy to see that (Tx,), is uniformly bounded whenever (x,), is a uniformly bounded se-
quence of C([a,b]). Hence, T is completely continuous. Finally, we prove the existence of
asolution of (2.1). Since T is completly continuous, then by Schaefer fixed point theorem,
we know that either:

(i) x = ATx has a solution for A = 1, or

(ii) the set € = {u € C([a,b]); X €]0,1[, u = ATu} is unbounded.
We prove that (ii) is not possible. Two cases are to be considered.
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First case. We assume that (c;) is satisfied and take u € € satisfying u = ATu for some
0< A< 1. Since fsz(s)lu(s)lds = |u(s*)| fasz(s)ds, for some s* € [a,b], then it is easy
to see that there exists a positive real number M such that

lu(t)| = M+ |u(s*) |||[Ki||]|Kzll,, VYt € [a,b]. (2.7)

By using (c1) and by taking ¢ = s* in the previous inequality, one gets

M

< —— =M (2.8)
1=K ] |1y

|u(s™) |

By substituting (2.8) in (2.7), one concludes that |u(-)| is bounded and consequently €
is bounded.

Second case. We assume that condition (c;) is satisfied. In this case, it is easy to see that for
allt € [a,b], we have |u(t)| < M+ ||Ki|l» f; Ky (s)lu(s)|ds. By using Gronwall’s inequality,
one obtains |u(t)| < Mexp(lIK; |l IIKz 7). Hence u(-) is bounded and consequently € is
also bounded. O

An extension of the result of the previous theorem to a more general nonlinear integral
equation is given by the following theorem. We skip the proof of this theorem because its
techniques are similar to the techniques of the previous proof.

TaEOREM 2.2. Consider the nonlinear integral equation:

b
x(t) = f(t) +J g(ts,x(s))ds, —co<a<t<b<+oo, (2.9)

where f(-) € C([a,b]). Assume that the function g(t,s,x) satisfies the following conditions:

sup<|g(t,s,x)|, ' %(t,s,x) D <ViOVa()(Ix]),
(2.10)

9
| E 50| < Vi),

where V1(+) € C([a,b]), V2(+) € L'([a,b]), (+) is positive and bounded over [0,+oo[ and
y(+) is positive and continuous over [0,+oo[. Under the above conditions, (2.9) has a solution

in C([a,b]).

Condition (2.10) with bounded ¢(-) is a limitation of the previous theorem. Nonethe-
less, by using a convenient new norm || - ||, and the Schauder fixed point theorem, one
can prove the existence of continuous solutions of more general nonlinear integral equa-
tions with some weaker conditions. This is the subject of the next theorem.
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TaEOREM 2.3. Consider the nonlinear integral equation

b
x(t) = f(t) +J g(t,s,x(s))ds, —co<a<t<b<+oo. (2.11)

Assume that f(-) is bounded and g(t,s,x) is continuous w.r.t. t and satisfies the following
conditions:

|g(t,5,2) | < Vi() Va(9)g(Ixl), (t,s x)‘ < Vi) Va(s)y (Ixl), (2.12)

5

where V() is a measurable and bounded positive function, ¢(-) is a positive and measurable
function satisfying the condition

sup? =L<+o00 (2.13)

x=0

and where y/(-) is a positive and continuous function over [0,+co[. Moreover, assume that
there exists a continuous, positive and bounded away from zero function u(-) satisying the
following condition:

V; 1
—l| <= 2.14
<15 <1 (2.14)

Under the above conditions, the nonlinear integral equation (2.11) has a solution in C([a, b]).

Proof. We first mention that the function || - ||, defined on X = C([a,b]) by lxll, =
SUP;c(qp) 1#(£)x(t)| is @ norm on X. Next let r > 0 be a positive real number that will
be fixed later on and define the subset B, of X by B, = {x € C([a,b]); llxl, < r}. It is
clear that B, is a closed and convex subset of X. Let T be the operator defined on B,
by Tx(t) = f(t) + ffg(t,s,x(s))ds. It is easy to check that T maps bounded sets of B,
into relatively compact sets. By Schauder fixed point theorem see [20], to prove the ex-
istence of a solution of (2.11), it suffices to check that T' € C(B,,B,). We first prove that
Tx(-) € C([a,b]) whenever x(-) € C([a,b]). Let (t,), be a sequence in [a,b] converging
to t. Since f(-) € C([a,b]) and since for all n € N, we have

| g (tn$,x(5)) | < Vi(tn) Va()Mg 1) < ||V1]| Mg, x| Va(s) € L' ([a,D]), (2.15)

where My || is a constant depending only on ¢(-) and |x(-)I, then by applying the dom-
inated convergence theorem, one concludes that

lim Tx(t,) = lnn f ta) + J hmg tn,$,x(s))ds = f(£)+ J g(t,s,x(s))ds.  (2.16)

n—+oo

Consequently, Tx(-) € C([a,b]). Next, we prove that T is continuous over B, w.r.t. || - |,
norm. Let (x,), be a sequence of B, converging to x in the || - ||, norm. Since (B, | - |l,))
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is complete, then x € B,. Moreover, we have

| T, — Tx]|,

b
= sup ‘y(t)L (g(t,8,x4(5)) — g(t,5,x(s))ds

teab]

b
< IIyIIMJ | %, (s) — x(s) | ‘%(t,s,@sxn(s)+(l—Hs)x(s))ds , 0,€]0,1[

Va(s)
u(s)

b
< IIVIIOOL Vi(£)u(s) | xa(s) —x(s) | v (| Oxa(s)+ (1-65)x(s)|)ds, 6:€]0,1[

<l sup ([ 65x(9)+ (1 0)x(5) ) [[va =]

s€[0,1]

V2
Ui
(2.17)

Since y(-) is continuous and bounded away from zero, then it is clear that convergence
of (x4), to x in the || - ||, norm implies also the uniform convergence over [a,b]. Hence
for all n € N, Vs € [0,1], one concludes that [0x,,(s) + (1 — 85)x(s)| is contained in a
compact set of [0,+0o[. Moreover, since y(-) is continuous over [0,+oo[, then one con-
cludes that there exists a positive constant My, such that y(|6sx,,(s) + (1 — 05)x(s)|) < My,
Vse€[0,1], VneN. Hence, the previous inequality becomes || Tx, — Tx ||, < ||l o My | V2/
gl llx, — x[l,. Consequently, T is continuous over B,. It remains to choose the positive
real number r in such a way that T(B,) C B,. Let x € B,, then we have

b
1Txll, = |lu(e) ()] + H#(t)V1(t) j Va()g(|x()| )ds

- sz(S M
_||f|\ﬂ+||V1||,,’L u(s) |x(s) | ds

Vs
’7 ls||f||#+r<L||V1||ﬂ‘

[

) ()| x(5)| (2.18)

< I+ 1V rL

m
u i)

Hence, the condition T(B,) C B, is satisfied for any positive real number r satisfying

L 1l _
L= L{[Vall,[[Va/ull,

o. (2.19)

By Schauder’s fixed point theorem, one concludes that T has a fixed point in B, for all
= O

Remark 2.4. In [18], a condition similar to the condition (2.14) has been used to prove the
existence of a weakly continuous solution of a nonlinear integral equation. This solution
is defined on [0, 1] and has values in a reflexive Banach space.

3. Existence and uniqueness results for a nonlinear integral equation

If in the Fredholm integral equation (2.11), we replace the integration bound b by the
variable ¢, we obtain a nonlinear Volterra equation. We should mention that an extensive
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amount of work has been done in the existence and uniqueness of solutions of some
special cases of Volterra integral equations, see for example [3, 6, 10, 18]. Under some
conditions on the function g(t,s,x) and by using the following Leray-Schauder principle,
Theorem 3.2 ensures the existence of a solution of a nonlinear Volterra equation.

THeOREM 3.1 (Leray-Schauder principle). Let (X, | - |) be a Banach space and suppose that
T € C(X,X) and compact. Suppose that any solution x of x = ATx, 0 < A < 1 satisfies the a
priori bound |x| < M for some constant M > 0, then T has a fixed point.

TaEOREM 3.2. Consider the nonlinear Volterra integral equation

t
x(t) =f(t)+f g(t,5,x(s)ds, —co<a<t<b<to, (3.1)
where f is continuous over [a,b]. Assume that g(t,s,x) satisfies the following conditions:
)
lg(t,s,x)| < Vi(t)Va(s)d(Ixl), ‘a—i(t,s,x)' < Vi(t)Va(s)w(lxl), (3.2)

where V1(+) € C([a,b]) and positive, Vo(-) € L'([a,b]) and positive and where y(-) is a
positive and continuous function over [0,+oo[. Finally, we assume that the function ¢(-)
is positive, continuous and satisfies the condition lim, ..« (¢(y)/y) = L < +co. Under the
above conditions, (3.1) has a continuous solution over [a,b].

Proof. Let X = (C([a,b]), |l - ll») denotes the Banach space of continuous functions over
[a,b] and define the operator T over X by Tx(t) = f(t) + fatg(t,s,x(s))ds. By using the
conditions of the theorem, it is easy to check that TX C X and T is compact. From Leray-
Schauder principle, to prove the result of the theorem, it suffices to prove that T is con-
tinuous over X and any solution of x = ATx, 0 <A < 1 is bounded by the same constant
M > 0. To prove the continuity of T over C([a,b]), it suffices to replace u(t) by 1 in the
proof of the continuity of the operator T of the previous theorem and follow the different
steps of this proof. Next, we note that the condition lim, .« (¢(y)/y) = L < +oo implies
the existence of a positive real number A > 0 such that [¢(u)| < (3/2)L =L, forall u > A.
Let x € C([a,b]) be a solution of x = ATx, for some 0 < A < 1, then we have

PO +|/\|J g (t,5,x(s))ds| =< |\f||oo+J Vi(OVa(s)p( | x(s) | )ds

b b
<1 flla Vil | V(o) sup gds+|[Vill, | VoL [+ |ds
a uel0,A] a
, (3.3)
< [Iflo+ sup gVall, [+ [ @IVillo V(o) x(s) ds
uel0,A] a

b
<M+ J MoVa(s) | x(s) | ds.

By using the general version of Gronwall’s inequality together with the previous inequal-
ity, one concludes that [x(t) < M, exp(M, || V2|l,) = M. Since M, and M, do not depend
on the solution x, then one concludes that the solutions of x = ATx, 0 <A < 1 are uni-
formly bounded by the same constant M. Finally, by using the Leray-Schauder principle,
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one concludes that T has a fixed point in X = C([a,b]) or equivalently, the nonlinear
Volterra equation (3.1) has a continuous solution over [a, b]. O

The uniqueness of the solution of the nonlinear Volterra equation (3.1) is given by the
following proposition.

ProrosrTioN 3.3. Consider the nonlinear Volterra equation (3.1) and assume that g(t,s,x)
satisfies the conditions of Theorem 3.2 with V,(-) € (L' N L?)([a,b]) for some p > 1. Then
(3.1) has a unique solution.

Proof. The existence of a solution is ensured by Theorem 3.2. Next, note that in the proof
of Theorem 3.2, we have shown that the continuous solutions of x = Tx are uniformly
bounded by the same constant M and consequently they are contained in a closed ball
By given by

By = {x € C([a,b]); lIxlle <M} (3.4)
Hence, to prove the uniqueness of the solution of (3.1), it suffices to check that there

exists 19 € N such that T™ is a contraction in Bjs. By using the notations of the proof of
Theorem 3.2, one can easily check that for all x, y € C([a,b]), we have

| Ty(t) = Tx(®)| < lly = xll[[Vill [ V2l (£ = @) sup y(Jul)

uEBy (3.5)
< Clly —xllo(t —a)"a.
Similarly, one shows that
IT2(1) = T2x(0) | = Clly - xlle— (¢ — )1+, (3.6)
q+1
Continuing in this manner, one can easily show that
n—1 1
| T"y() = T"x(0) | < C"lly —xll [ ] F(t —a)" Y, (3.7)
i=1
Hence
n—1 1
IT"y = T"x||, < C"lly = xll [ [1 qﬂ,] (b—a)r~1*Va, (3.8)
i1

Since lim,, o [[ 172} (1/(g +))]C"(b — a)" *1/4 = 0, then there exists ng € N such that
T™ is a contraction over By;. Consequently, the fixed point of T™ is unique. Since a fixed
point of T is also a fixed point of T™, then one concludes that the fixed point of T is also
unique and consequently, the solution of (3.1) is unique. O
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4. Approximate solution of Volterra integral equation

In this last paragraph, we are interested in finding an approximate solution of Volterra
integral equation of the type

x(t) = f(t) +Ltg(t,s,x(s))ds, —0<a<t<b<+oo, (4.1)

Note that the natural approach for finding an approximate solution of (4.1) is to use a
quadrature scheme for the approximation of the integral term of (4.1), see [9, 14, 21].
In this section, we provide a new approach for approximating the solution of (4.1). It
is described as follows. We first assume that (4.1) has a solution in C%([a,b]) for some
a>1, f € C([a,b]), the function g(t,£,x) is continuous with respect to ¢t and Lips-
chitzian w.r.t. x. Moreover, if (#,), is a sequence in [a, b], then we assume that the func-
tions (dg/0t)(t,,s,x) is equicontinuous w.r.t. s and Lipschitzian w.r.t. x. By using the above
conditions and the standard existence proof for ordinary differential equation (O.D.E.)
which is based on the successive approximations technique, one can easily check that the
solution of (4.1) coincides with the unique solution of the following initial value problem
obtained by differentiating (4.1):

x'(t) = f'(t) +J %(t,s,x(s))ds+g(t,t,x(t)), a<t=<b,x(a)= f(a). (4.2)

Hence the problem of finding an approximate solution of (4.1) is converted to the ap-
proximation of the solution of the integro-differential equation (4.2). Note that find-
ing an approximate solution of the second problem is easier than for the first problem.
This is due to the possibility of adapting existent approximation schemes from O.D.E.
Our approximation scheme for solving (4.2) is described as follows. We first choose a
uniform subdivision of [a,b] denoted bya=ty<t; <--- <ty =bandleth=t,, —t,
0 < n < N — 1 be the stepsize of this subdivision. For t, < t < t, + 1, we define a quadra-
ture scheme Q(t,x) for the approximation of the integral fut (0dg/at)(t,s,x(s))ds as follows:

Q(t>x) = Ql(t)x)+Q2(t)x)) (43)

where Q;(f,x) is a gth order composite quadrature scheme for the approximation of
[I"(9got)(t,s,x(s))ds constructed from a gth degree Lagrange interpolation polynomial
obtained by the use of the grid points #;,...,t 441 at the integration subinterval [;_1, ]
for 1 < i < n. Moreover, Q,(t,x) is a qth order quadrature scheme for the approximation
of fttn(ag/at)(t,s,x(s))ds constructed from a qth degree Lagrange extrapolation polyno-
mial obtained by the use of the grid points t,,...,t,_4+1. Then, we consider a stable p-step
method for solving the initial value problem y’(t) = F(t, y(t)), y(a) = y, given by

p-1

Yn+1 = yn+h|: Z (XiF(tni)yni)]- (44)
i=0

If X(t,+1) denotes the solution at t = £,4; of the following problem:

X(t)= () +Q(t,X) +g(t,t,X(t)), a<t=<b, x(a)= [f'(a), (4.5)
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then an approximation X,,+1 of X(¢,+1) is given by:

p-1
%nﬂ = %n +h[ Z ‘xif,(tn—i) + Q(tn—iy%) +g(tn—i>tn—ia%):|- (4-6)

i=0

In the sequel, we will denote by x,,, the approximation obtained via (4.6) of x(f,), where
x(t,) denotes the exact value of the solution of (4.2) at t = t,,. The aim of the remaining
of this paragraph is to find a global bound of the approximation error |X, — x(t,)], n =
1,...,N. To this end, we first look for a bound of the local approximation error at the
integration step [f,,%,+1] and under the assumption that X = x(#;) for all k = 0,...,n.
The order of this local error is given by the following proposition.

ProrosiTiON 4.1. Assume that the function g(t,s,x) is Lipschitzian w.r.t. x and the solution
X(t) of (4.5) belongs to CP*'([ty,tn+1]) for some positive integer p. Moreover, assume that
the quadrature scheme Q(t,x) satisfies the following condition:

t
sup ‘ J %(t,s,x(S))dS_ Q(t,x,h) | < Loh". (4.7)

telabl

Under the above conditions, we have |x(tps1) — Xps1| = O(Amin(pa)+1),

Proof. We first note that |x(t,+1) — Xp+1] < [x(fr11) — X(tne1) | + |X(t041) — Xnr1|. Since by
hypothesis, X(-) € CP*!([t,,ty41]) and X,41 is an approximation of X(f,+1) obtained by
the use of the p-step method (4.4), then we have

|9Nc(tn+1) — Xps1 | = C|3NC(P+1)(Hn+1) |hp+1 < My h?*h (4.8)

Here pin+1 €]ty tysr [and My =csup, _,_, |XP*D (u41) . It remains to bound the quan-
tity [x(ty+1) — X(tn41) 1, this is done as follows. Since

tns1 tpt1 t tut1
x(but) = x() = f’(t)dt+J (J %(t,s,x(s))ds)dt+ g(t,6,x(1)) dt
t, ty a ty
[ tasl tntl
Rto) —%(e) = [ frode+ Q(t,%,h)dtJrJ (6, 6,x(0)dt,
ty n ty
(4.9)
then

Jt%(t,s,x(s))ds—Q(t,%,h) dt

a

tnt1
[*(taer) = (1) | < |

toet (4.10)
* J |g(t,t,x(1)) — g(t,1,%(2)) | dt.

Since for all t € [ty ta1], Q(£,X,h) depends on the values of X(-) at the previous grid
points ty = a,t,...,t,, and since by assumption X(t;) = x(;), i = 0,...,n, then

Q(LX,h) = Q(t,x,h),  Vt € [tu,tui]. (4.11)
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Hence by using (4.7), one concludes that SUPye(ap) | f;(ag/at)(t,s,x(s))ds - Q(t,X,h)| <
Loh and consequently

Jtnﬂ
tn

Moreover, since g(t,s,x) is Lipschitzian w.r.t. x, then there exists a constant Ly >0, such
that

t
I %(t,s,x(s))ds—Q(t,?c,h)‘dtsLth“. (4.12)

tns1
J lg(t,t,x(t)) —g(t,6,X(2)) |dt < L, J |x(t) — X(t)|dt. (4.13)
By combining (4.12) and (4.13), one concludes that
|x(tns1) = X(tur1) | < Loh?' +L J x(t) = x(t) | dt. (4.14)
If e(t) = |x(t) — X(t)], then the previous inequality is written as follows:
tns
e(tps1) < Loht™! +J Lee(t)dt. (4.15)
ty

By applying Gronwall’s inequality to (4.15), one obtains

tnt1

e(tu1) < Lohi™exp [ L, dt] = Loh® el = M'ha*!, (4.16)

n

Finally, by letting M,,,; = max(M,,+1, M") and by combining (4.12) and (4.16), one obtains
the following bound of the local approximation error |x(t,+1) — Xu11| < Mj,, A™ P+

Hence the local approximation error of our proposed scheme is of order O(h™n(P9)+1),
(]

Finally, by removing the condition x(t;) = X(t;) for i = 0,...,n, we obtain a global ap-
proximation error bound given by the following proposition.

ProrosITION 4.2. Assume that (0g/0t)(t,s,x) is Lipscitzian w.r.t. x and assume that the first
p starting values x;, i = 0,..., p — 1 satisfy maxi<, 1 |x(t;) — x| = O(h™in(p:d)) . Then under
the hypotheses of the previous proposition, the global approximation error of our scheme is of
order O(h™min(p:9)),

Proof. We first note that since (dg/0t)(t,s,x) is Lipschitzian w.r.t. x, then the quatra-
ture scheme Q(t,x,h) for the approximation of f;(ag/at)(t,s,x(s))ds is also Lipschitzian
w.r.t. x. Hence, there exists a constant L, > 0 such supc(qp 1QEX,H) — QL y,h)| <
Lomaxizy, |x; — yil. Next, let F(t,x) = f'(t) + Q(t,x,h) + g(t,t,x) and note that

| F(t,xn) — F(t, yn) | 5L2211lj<alrlx|xi—y,-| +Lg [ %0 — yul sLFnl%x |xi — yil. (4.17)
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A bound of the global approximation error is given as follows:

p-1
€nt+1 = %n+l _x(tn+l) = %n +h|: Z “iF(tni)%ni):| - x(tn+l)
i=0

p-1
= Xn — x(tn) +h[ > ai(F(tueinXn—i) — F(tn—iax(tn—i))):|
= (4.18)

+h|:pZ: “iF(tﬂi’x(tni))] — [x(tn1) —x(tn)].

i=0

p-1
=€y +h[ Z i (F(tn—isXn—i) — F(tni>x(tni))):| +En(h),

i=0

-1 .
where E,(h) = —[x(tyr1) — x(t,) — h 31, aiF (ty-isX(ty-i))] = xns1 — x(t41). The previ-
ous proposition shows that |E, (h)| < M}, im0+ < Mpmin(p9)+1 \where M = max{M;
1 < n < N}. Moreover, by using (4.17), one concludes that

p-1
lene1| < |en] +h[ > max | ;| Lgmax | %o — x(£a—i) |] + Mpmin(pa)+1
i=0 1=n
< |es| +p - hamax |%,_; — x(t,—;) | + MAmn(POTL (4.19)
1=n

a= max |a| < (1+ha)max |e|+Mpminear
0<i<p—1 i<n

A simple induction on # shows that

o1 (1 +ha)r Pt — 1
ha

b—
< ppmintp €077 1
B ha

lens1| < Mhmin(pd + (1+ ha)"PH max e
i<p-

(4.20)

+e=9 max |e;| < Chmin(P),

i<p—1 O

Remark 4.3. The proposed approximation scheme requires p starting values x;, i = 0,...,

p — 1. A direct collocation method applied to (4.1) can be used to provide us with these
appropriate starting values.
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