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Abstract: In this paper, we consider the higher-order Umbral Differential Problem (UDP). It consists
of a nonlinear ordinary differential equation of order r + 1, r > 0, associated with an Umbral
Interpolation Problem (UIP) with r + 1 conditions. We prove the existence and uniqueness of the
solution to the UIP and study the error using Peano’s Kernel. This class includes, for example, the
classical Initial Value Problem (or Cauchy Problem) and a more recent case, the so-called Bernoulli
boundary problem, also referred to as a non-classical boundary problem. We then use a Birkoft-
Lagrange collocation method for obtaining numerical solutions. Two new examples of UDPs are
presented and analyzed. The first is the Euler Umbral Differential Problem, so named because the
solution to the associated UIP is expressed in terms of Euler polynomials. The second example
is a higher-order problem whose interpolation conditions are expressed using iterated forward finite
differences. These conditions are equivalent to multipoint conditions; therefore, the related UDP is
called Multipoint Value Problem. Finally, we present some numerical tests. The results confirm the
effectiveness of the proposed method. Conclusions, along with directions for future research, are
provided.
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1. Introduction

Ordinary differential equations (ODEs) and fractional differential equations with non-standard
boundary conditions have attracted growing interest and are increasingly applied across a wide range
of fields, including finance, biology, engineering, physics, and other domains of applied
mathematics [2, 3, 10, 19, 24]. In this paper, we consider general boundary conditions expressed by a
linear functional and a delta-operator.
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We introduce the notion of the Umbral Differential Problem (UDP), namely the application of
modern umbral techniques to boundary value problems (BVPs) for ordinary differential equations.
This topic is added to those of umbral interpolation [15], umbral quadrature formulas [13], and
operator approximation theory by umbral polynomials [14]. In other words, we extend the application
of modern umbral calculus techniques to the field of computational mathematics.

Let us consider

i) X = C™[0, 1], the space of real infinitely differentiable functions on the interval [0, 1];
ii) L, a linear functional on X s.t. L(1) # O;

iii) D, a delta-operator [16,25] [28, p. 129] on X, i.e. an operator D such that

had (i)
Dy= b, by=0,b#0, b eRicN, VyeX;
l!
i=0

iv) Xp={yeX:DyeX i=0,..,nV¥neN}

Moreover, let y € Xy and f (x, y(x),y'(x),. .., y(q)(x)), 0<g<rrelR, r>1,beafunction defined
on a compact subset D c [0, 1] x IR?*! and continuous at least in the interior of the domain of interest.
We suppose that f satisfies a uniform Lipschitz condition in y = (y, Ve, y(")), which means that,

whatever (x, Vs« - - ,yq) and (x, 0y - e ,)7(]) in D, the following inequality holds

q

V) |f(x, Yos -5 Yq) — f(x, 5o, ... ,qu)| <A Z [vi — il , with A a positive real constant.
k=0

Then, we consider the differential problem

(1.1)

YW = e, F=(1y e 0P), < yeX,
LDYy)=w;, i=0,...,r, wi€R.

Definition 1. Using the notation introduced above, problem (1.1) will be referred to as the Umbral
Differential Problem of order r + 1 associated with (L, D).

We note that problem (1.1) contains a non-linear differential equation of order r + 1 and an umbral
interpolation problem for (L, D) [15-17]. To the best of our knowledge, the above definition does
not appear in the literature. Furthermore, it is well motivated, since certain UDPs have already been
introduced and studied in previous works. For example the following ones.

A. Let L be the evaluation functional, i.e.
L(g) = g(xo), xo € [0, 1], g € Xop,
andD =D, = % Then the UDP (1.1) is the classical IVP

Y@) = f(xy),  x€[0,1]
Y (x0) = wy, i=0,...,r, xo€[0,1].
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This problem has been widely studied in the literature, both from a theoretical and numerical point
of view (see [6-9] and references therein).

1
B. Let L(g) = f g(x)dx, and D = D,. In this case problem (1.1) becomes
0

Y = fx.3)
fy(i)(x)dxzwi, i=0,...,r—1.
0

This problem is known in the literature as Bernoulli boundary value problem or no classic BVP
(boundary value problem) [10,21,22].

In this paper, we give a constructive proof of the existence and uniqueness of solution of the
UDP (1.1). The numerical solutions are obtained by a Birkoff-Lagrange collocation method [12]. Two
new examples of UDPs are given and studied. Particularly, the paper is organized as follows: in
Section 2, we give some preliminary results. In Sections 3, we consider the UDP and discuss some
theoretical and computational tools: the existence and uniqueness of the solution and a
Birkoff-Lagrange collocation method for the approximate solution. Then, in Section 4, we consider
some special cases of the problem under study: the Umbral Euler Differential problem and a
Multipoint Differential Problem related to the classic difference operator A. The analysis is supported
by numerical examples (Section 5), which confirm the theoretical results.

2. Preliminaries

To make the paper self-contained, some preliminary results are needed, both on umbral techniques
and on BVPs.

2.1. Some basic umbral calculus techniques

With the above notation and hypotheses, we consider the problem of determining a polynomial
P,(x) of degree exactly n, with n € IN, such that

L(DP)=w;, i=0,...,r 2.1

This problem is called umbral interpolation problem (UIP) for (L, D).

Proposition 1. The UIP (2.1) has the unique solution

0O 1 ¢t - 1"
Wo
1 .
mm:—a : L(D't)) ; (2.2)
Wy

where G = det (L(D'#))) i, j=0,....n.
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Proof. Setting L; = L(9'), i = 0,...,n, we have n + 1 linearly independent linear functionals. Then
the proof follows by the general linear interpolation theory [23, p. 35]. O

Remark 1. We note that if f = 0 in the UDP (1.1), the solution is the umbral interpolant (2.2).
Proposition 2. Ify € Xp and L(D'y) = w;, i =0, ..., r, then

b
y(x) = P,[yl(x) + f K, (x,0)y"V(@) dt, Vx € [a, D], (2.3)
with P,[y](x) = P.(x) defined as in (2.2), i.e. it satisfies L(D'y) = L(D'P,[y]), i=0,...,r, and

K (x,1) = [(x =05 =Pl - 0ix0]. 24
Proof. The proof follows taking into account that the operator P,[y] reproduces exactly the powers x/,
j=0,...,r. Peano Kernel Theorem [23, p.70] is also used. O
Corollary 1. From Proposition 2 we have L(D'K,) =0, i =0, ...,r.
From [11, pp. 163—169] the following three theorems can be derived.

Theorem 1. Let L and D be a linear functional and a delta-operator as in ii) and iii), respectively.
There exists a unique polynomial sequence {S,} . (S a polynomial of degree exactly n) such that

a) DSy(x)=nS,, nz1;

b) L (Z)i Sn) =n!d,;, 1=0,...,n where?,;isthe Kroneker symbol;

c) the polynomial sequence {S,}, . is a basis for P,, the set of polynomials of degree at most n.
Condition b) of the previous theorem allows the representation of polynomials in the basis {S ,}, .-

Theorem 2. For every polynomial q(x) € P, the following identity holds:

gn(x) = Zn: L(Z)i qn) S;('x), VxeR, neN.

i=0
Farticularly, for P,(x) we get
v S X i p)Silx )
Pn(x)—;wi m —Z (Z) ) i Vx e lR.

i=0

The extension of Theorem 2 to functions y € Xy, is possible.

Theorem 3. For all y € Xy, the following identity holds:
y(x) = P,[yl(x) + R,[y]l(x), Yx € [0, 1],

where

P = L(0) 242,

i=0
I
R, [yl(x) = f K, (x,n)y" (1) dt,
0
and K,(x,t) is as in (2.4).
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2.2. Relationship between BVPs and Fredholm integral equations
In [12] an interesting equivalence has been proved between BVPs and Fredholm integral equations.

Theoremd. [12]Letye Xand f :[0,1]xXIR? > R. IfL;,i=0,...,r, arer+1 Li. linear functionals
on Xp, then the BVP

Y@ = f@F), ¥ = (3" 0D),

L(y) =w,, i=0,...,r,

is equivalent to the Fredholm integral equation

1
Y = QI + fo K, (e, 0)£(1.5) di, 2.5)

where Q,[y](x) is the interpolating polynomial satisfying L; (Q,[y]) = w;, i = 0,...,r, and K,(x,1) is
the related Peano Kernel

1
Ki(x.0) == [(x = 0% = Q[ = D, 1(0)].

Assuming L;(P) = L(Z)i P), the polynomial Q,[y](x) is the umbral interpolating polynomial for
(L,D),1.e.

0.l = Y L(D' Q) i)

|
i=0 b

3. The Umbral Differential Problem: Theoretical and computational tools

In this section, we show that the UDP (1.1) admits a unique solution that can be computed
numerically. At this stage, we do not aim at providing the most general existence and uniqueness
proof, nor at developing the most efficient numerical scheme. Our purpose is simply to demonstrate
the feasibility and solvability of this new BVP, leaving questions of optimization to future research.

3.1. Existence and uniqueness of solution

The following theorem establishes conditions under which a solution to the UDP (1.1) exists and is
the only solution.

Theorem 5. (Existence and uniqueness) Let y(x) € Xp, [ be a real function, defined on a compact
subset D c [0, 1] x IRY", continuous at least at the interior of the domain of interest. Moreover,
suppose that f satisfies a Lipschitz condition with respect to y, with constant A. Let

di
H, = max max @Kr(x, D, (3.1)
being K,(x,t) the Peano’s kernel as in Proposition 2,
= max t, (1), 3.2
Q= max |f(:.50) (3:2)
and suppose that
(g+1DHA < 1. 3.3)

Then the UDP (1.1) has a unique solution.
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Proof. Assume L,(y) = w; = L (Z)i y). From Theorem 4, the UDP (1.1) is equivalent to the Fredholm
integral equation

y(x) = P[yl(x) + j; | K.(x, 0 f(2,y(1)) dt, (3.4)
where .
Pyt = Y L(D'y) @
and -

1
Ki(x,0) = = [(x = 1), = P = 0}]0)].
We consider the sequence of functions

yo(x) = P [y](x)
1
Vm(x) = P,[y](x) + f K.(x,0)f(t,y,_,@®))dt, m=>1.
0

Taking into account (3.1) and (3.2), we have

1 .
N N dé =
) =3y )] = | fo K 0f (L Fo)dl| < QH,. 5=0.....q.

For the convergence of the sequence {y,,} . We observe first that, by (3.1) and the lipschitzianity
of f, we obtain

s s : ds = =
P @ =y @] < f K, t)] |f(0.3,,0) = . 5,,,0)|dt
0
q . .
<HAY BP0 -y2 0,  s=0.....q
i=0

Therefore, if we consider the norm

q
Vil = max " [y,
0<t<1 =

we have
Yme1 = Ymll < (g + DH Ay = Y|l < Q" QOH, (3.5)
where Q = (¢ + 1)H,A.

From (3.3) and (3.5), the sequence {y,}, . is @ Cauchy sequence, hence it converges uniformly.
Then, in view of the Lebesgue’s theorem on the passage to the limit under the integral sign, we have
that the limit of the sequence {y,,}, . is a solution of (3.4).

For the uniqueness we observe that, if there were two distinct solutions y(x) and z(x), we would
have

1 1 4
@) - 2] < fo Ko DI, 5(0) = £2, 2" O)ldr < H, A fo 0w - 20| dr.
i=0

Hence, ||y — zl| < Qlly — z||. From (3.3), the thesis follows.
O
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Remark 2. For specific cases, it is possible to compute an upper bound on H,, as we will see in what
follows.

3.2. Computational procedure

To obtain a procedure for computing a numerical solution, we draw inspiration from the so-called
Birkhoff-Lagrange collocation method, which has been extensively studied and applied, for instance
in [12,20]. We suppose that the hypotheses of Theorem 5 are satisfied, that is, there exists the solution
y(x) of problem (1.1). Moreover, suppose that y(x) € X, and let m be a positive integer. It is well-
known that, if x;, i = 0,...,m, are m + 1 distinct points in [0, 1], then the Lagrange identity

@) = )y + RulyI), (3.6)
i=0

holds, where /;(x) are the fundamental Lagrange polynomials

Wp(X)

W) = (x = xp)w),(x;)

Wp(X) = (X = x0) -+ (X = Xp),

and

R,[YI(x) = W (Y, £€]0,1]

(m + 1)!

is the remainder. Assuming y"*Y(x) = f(x,7), and substituting (3.6) in (3.4), we get

0

1 m 1
y(x) = P.[yl(x) + f Kr(xat)zli(t)y(r+1)(xi)dt+ f K,.(x, DR, [y](x) dt.
0 i=0

By standard calculations we obtain
y(x) = P,[yl(x) + Z Pri(x) f(xi, Y(x) + T [y1(0), (3.7)
i=0

where 1
Pri(x) = f K. (x,0)li(1) dt,
0
and

1
T rlyl(x) = j(: K, (x, DR, [y](x) dr.

Therefore, neglecting the error term, we can consider the implicit polynomial
Yem(X) = P[y](x) + Z Pri(X) f(Xi, Y (X0), (3.8)
i=0

where y, . (x;) = (y,,m(x,-), Vrm(Xi)s « o ,yﬁ,q,z,(x[)). We can prove (see [20]) that (3.8) is a Birkoff-Lagrange
collocation polynomial for the differential equation in (1.1) on the points x;, k = 0, ..., m, that is,

YO = fFuy(x),  k=0,...,m.

AIMS Mathematics Volume 10, Issue 10, 24836-24856.



24843

To calculate the numerical solution y,,(x), we need the values yE

0,...,q. Therefore, we solve the following system:

®<wmmHZF%MH%W

System (3.9) can be written in the form

Y-AF(Y)=
where
Ay O 0
A = O , AS =
0
0 0 A,
with

~(S)

Y=o....Y)"  Yo=(y

—ngj)(xz) i,j=0,....,m, s

~(s)
ao,o

~(S)

(5)
R

FOY)=(Fp,.... F)'s  Fu=(for s fu)

qg+1

B=(Co....C)) . Co=(PODIx0).. ...

Yht =G (v)),

vy >0,

0,...

=0,...

).

fi= 1 (x5

LY

=y x), i =0,...,m, s =

,q, k=0,...,m. 3.9

(3.10)

~(s)
aO,m
a(;‘)

m,m

,C],

POyI(xn)).
If we set G (Y) = AF (Y) + B, then system (3.10) can be solved by the iterative method

(3.11)

with a fixed YV = (aq, ..., a0) € R™D@D If A||A|l < 1, where A is the Lipschitz constant, then
G is contractive. Hence system (3.10) has a unique solution. Moreover, if Y is the exact solution, we

have

e

where T = AJ|A||w.

Summarizing, the proposed method consists of the following steps:

"[’?]”oo’

e determine the interpolating polynomial P,[y](x) satisfying the boundary conditions;

consider the Fredholm integral equation equivalent to the given UDP;

e approximate y"*!(x) by Lagrange interpolating polynomial on a set of fixed nodal points;

obtain polynomial y, ,,(x).

AIMS Mathematics
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4. Examples
Here we give two new examples of UDP of order r + 1.

4.1. Umbral Euler Differential Problem of order r + 1
If we set
_ 20+ g(1)

L(g) > , D =D,, 4.1

then we consider the UDP
YH(x) = f(x,5(x))
A1) + v@ 4.2)
M =w;, 1=0,...,r, w;eIR.
2
We call (4.2) the Umbral Euler Difterential Problem, since the functional L as in (4.1) generates Euler
polynomials [11, p.133].
To our knowledge, it has not been studied in the literature. Our study follows Theorem 4, i.e.
identity (3.4). Hence, first of all, we need the solution of the Euler interpolation problem

YO +yP(0)

> w;, 1=0,...,r, w;€R. 4.3)

4.1.1. Euler interpolation problem
For the solution of the Euler interpolation problem (4.3) the following propositions holds.

Proposition 3. (Umbral Euler interpolation). [16,21] Let y € C'[0, 1]. The interpolation problem (4.3)

has the unique solution

- Ei(x)
P = ) wi=, (4.4)

i=0
where E;(x) is the Euler polynomial of degree i as defined in [11, p.123].

Proposition 4. [16] Let y € C""'[0, 1]. The following identity holds:

1 O (r\Ex) [ "
y(x) = P,[yl(x) + I ; (l) > L Gi(x, )y V() dt, 4.5)
with P,[y] as in (4.4) and
{ (=)' 0<r<x,
Gr,i(xa t) = . (46)
—(1-0"" x<t<l.

Proposition 5. With the above hypothesis and notation, if

Q, = sup YV,

0<x<1

then
Q v
) =PI <= 5 )= Vxelo.1

r—1
3 —

i=l

AIMS Mathematics Volume 10, Issue 10, 24836-24856.
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Proof. Let E;(x) be the Euler polynomial of degree i as defined by Jordan [26]. From the inequality
|E:(x)| < 0 < x < 1[26, p.303], we get

37i-1°
o= 2i!
E)| = [1E)| < ==, 0<x<L 4.7)
37T1—1
Hence, the proof is a direct consequence of Proposition 4. O

Proposition 4 and Proposition 5 suggest to consider the convergence of P,[y], that is, the expansion
of a real function in Euler polynomials (see [5, 18] and references therein).

Definition 2. [/8] A real entire function f(x) belongs to the class M(h), h > 0, if there exists a positive
number p < h such that
™) = o(p", n— oo.

Concerning this class of functions we have the following result.

Lemma 1. [18,30] If f(x) belongs to M(h), then there exists a positive number p < h such that
[P =00ph,  Yxelo,1].

We note explicitly that if f belongs to the class M(h), then it is of exponential type less than A.

Proposition 6. (Convergence) If y(x) € M(r), then
lim P,[y](x) = y(x),  Yx€[0,1]

or, equivalently,

S yP0) +y(1) E;
SO DED _, vxelo
2 i!
i=0
Proof. The proof follows from Proposition 5 and Lemma 1. O

After Proposition 6 we can say that a function f belonging to the class M(r) has an expansion in
Euler polynomials [4].
4.1.2. Numerical solution of the Euler UDP

Taking into account (4.5) and (4.6), after calculations, the Birkoff-Lagrange collocation polynomial
for the Euler UDP becomes

1 r Ei m B r—i
Ven(2) = P + = Y (r) ;x) D S Tn() ) Dis (), (4.8)
=L j=0 k=0
where o
@50 = (=1 [ j0x " + 0 = 7 H [ | =i -0,
=0

AIMS Mathematics Volume 10, Issue 10, 24836-24856.
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beingak,j(x):f f lj(t)dt~~-dtandﬁk,j(x):f f li(tdt---dt
0 0 1 1

——— S
k+1 k+1

It can be written in the form (3.8), with

r

1 r &
Pr®) = 55 ZO (l-)E'(x) kz; Dy ().

To obtain the values y, ,(x;), j =0, ..., m, we solve the nonlinear system

r ( )
yES’L(X[) = P(S) (Xg) + — Z ( ) (xg) Z f(xj, yrm('xj)) Z @Sg](X[)

§s=0,...,q9, €=0,...,m

In order to calculate ay ;(x,) and By j(x,) we use the algorithm proposed in [9] for the computation

of . .
f .- f gmi(t)dt---dt 4.9)
a a

where qoo(t) = 1, gni(t) = (¢ —x1) - (¢ = xis)(E = Xip) - (t = Xp), i = 1,2,...m
(O]

We set go’]’a(x) =x—aand
8ya() = f f (r=")(1=29) - (1= 20)dt---ar
a a
J
where
. Xj if ] <1
Z;l): ]:1, -,m_l

Then the integral (4.9) can be computed by the recurrence formula
800 = (x=20) & 10 = gy o1 0

Remark 3. In the Euler case,

m

dxm

K.(x,1)

H, = max max

T
< —.
0<m<q 0<x,<l 3

In fact, from (4.7) and E,(cm)(x) = E;_pn(x), we get

k!
(k —m)!

4 k) - ! A

max max X < max Z = ax Z —_— = —,

0<m<q O<xs<1 [dx™ e 0<m<q 3r! ﬂ-k m O<m<q 3pr-m-1 £ 7 ]' 3
]:

AIMS Mathematics Volume 10, Issue 10, 24836-24856.
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4.2. A Multipoint Differential Problem of order r + 1

Let L be the evaluation functional, that is,
L(g) = g(0), YgeX

Let D be the delta-operator

g(x+h) —g(x) _ Ag(x)

Dgx) = . o

h >0, (4.10)

being A the difference finite operator [26].
In this case the UDP (1.1) becomes
Y = f(x,3)
A'y(0) . 4.11)

i =w;, 1=0,...,r, w;€IR,

where the delta-operator (4.10) is evaluated at x = 0.
It is known [23, p.51] that
; i AN :
Aly(0) = > (-1 ,( ,)y(]h), i=0,....r
=0 J
Then, % =w;,i=0,...,r,is equivalent to

y(ih) = v, Vi = Zhj(l,)wj, i=0,...,r.
=Y

Substituting in (4.11), we get

D) = Fx.5
y. (x) f(. y) 4.12)
y(ih)y=v;, i=0,...,r.
This is a multipoint higher-order differential problem [1].
It is known that .
. A'y(xo) 0 -
%E%T_y (x0), i=0,...,r 4.13)

Therefore we can say that for 4 — 0, the UDP (4.11) becomes the classic higher-order Cauchy
differential problem, or initial value problem.

Definition 3. The UDP (4.11) is called the higher-order Multipoint Umbral Differential Problem or
degenerate Cauchy problem.

Observe that, from (4.13), we have
Ai}’(xo) ~ y(i)(xo), i=0,...,r

This leads to several numerical approximations for the UDP (4.12), which we plan to address in a
future paper.

AIMS Mathematics Volume 10, Issue 10, 24836-24856.
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4.2.1. The equivalent Fredholm integral equation

In order to give numerical solutions to problem (4.12) by (3.8), we consider the equivalent integral
equation. We note that the interpolation problem related to (4.12) is the known interpolation on
equidistant points [27,29]. In this case the interpolating polynomial, in the Newton form, is

r Ai
Polyln = ) = ASUR (4.14)

1 i
i=0 h

where (x);, = x(x = h)---(x — ih).

Proposition 7. Let y € X. The following identity holds:

y(x) = rh[y](X)+—Z)’n(X)f(lh )Y@ dt, (4.15)

with P,[y] as in (4.14), and
1)/~
YVri(X) = Z (l,)( " (4.16)

— hij!
J=l
Proof. From (2.3),
1
)MhPMmmﬂfKuwwmma Vx € [0,1],
0

with
K, (x,1)

1
r—[(x—f) — Pyl = 1(x0)]

TS T

10]1

1
- [(x -1, - Z(; Yri(X)(ih — t)i] ,

and y,;(x) as in (4.16). Taking into account that

(x=1" = > yux)h -1,
i=0

we get
l v !
ymzmmm+—2%mdnhmmwmm, Vx e [0, 1],
£l r! lzo £l 0 £l
with
(th—-t"—(@{h-1, 0<t<uyx,
Gr,i(xa t) =
—(ih — 1), x<t<l1

After calculations we obtain relation (4.15).
O
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4.2.2. Numerical solution of UDP (4.11)

For the numerical solution of UDP (4.11) we proceed as with the Euler UDP. In this case, the
polynomial (3.8) becomes

1 r m r ~
Prn() = PVIC) + = 3 700) D 061 Tn(5) Y B0, (4.17)
T i=0 =0 k=0
with y,;(x) as in (4.16), and

k-1

Oy (x) = 03,00 (i = xy | | =,
=0

being o7 j(x) = f f 1i(Hdt - - - dt.
ih ih

————
k+1

An alternative form of y,,(x) is
1 _
$rn(3) = PV + =3 D Goa (S (503,51, (4.18)
[ Z4

with . .
Tif(0) = ) i) ) By ().
i=0 k=0
For the calculation of o ; j(x) we can use the algorithm in [9].
5. Numerical examples
The method described in the previous sections is now employed to obtain numerical

approximations, serving to validate the theoretical results through some test problems. As the true
solutions are known, we consider the error functions

)

Err,p(%) = [V(x) = yrm(%)

with y,,,(x) given by (4.8) and (4.18); m is the number of collocation points. Chebyshev points were
used. Almost the same results are obtained using equally spaced nodes. All computations presented in
this work were performed with Mathematica (Wolfram Research, Version 10).

Example 1. Consider the following Euler UDP

y¥(x) = sinx + sin’ x — (y")?, x€[0,1]
y(l);y(O) _ sinzu)’ y’(l);y’(m _ 1+c«2as(1)’ (5.1)
YD+ _  sin(l) Y+ 0) _  I+cos(l)

2 - 2 2 - 2 :

The analytical solution is y (x) = sin x.
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Figure 1 shows the graphs of the error functions for m = 3,4 (Figure 1a) and the graph of the error
functions for m = 5,6 (Figure 1b). On the horizontal axis we report the values of x, and on the vertical
axis the corresponding values of Err,,,(x), for different m and r = 3.

26x107
2.x107
i Erry zlx) Erry 5(x)
1.5=107
1 %107 — — Emyalx) — — Emglx)
5 x10%
¥=02 04 06 08 10
(a) m = 3 (solid line) m = 4 (dashed line) (b) m = 5 (solid line) m = 6 (dashed line)

Figure 1. Error functions-Problem (5.1).

It can be observed that the function error Err,,,(x) decreases with increasing m. Figure 2 illustrates
the decay of the absolute error as m grows, displayed on a log,, scale. On the horizontal axis are the
values of m, withm = 2, ...,7, while on the vertical axis the corresponding values of Logio (Err,,(x)).

107 |
107" L

3

1072}

2 3 4 5 6 T

Figure 2. log,, plot against m-Problem (5.1).

Table 1 presents the maximum error and the CPU time (in seconds) required to execute the entire
algorithm for various values of m.

Table 1. Maximum error-Problem (5.1).

m IEFT3 mllco CPU time
2 2.48-107% 1.02
3 2.46 - 107" 1.80
4 6.48 - 10710 5.10
5 6.34 - 10712 8.71
6 3.33-107"2 10.20
7 4771071 19.50

Example 2. Consider the following fifth order Euler UDP
YOx) =y (x) e, x€[0,1]

YO +y00) e+l (5-2)
> = 7 i=0,...,3.
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The analytical solution is y (x) = e”.
Figure 3 shows the graphs of the error functions for m = 3,4 (Figure 3a) and the graph of the error
functions for m = 5,6 (Figure 3b).

25x107 o
125x :g? Emssix) 1 5x 0" Efry s(¥)
1.x107 = il 1.x10°"" — = Emgelx)
5 x10°% 5 x 10712
" 02 04 06 08 10
(a) m = 3 (solid line) m = 4 (dashed line) (b) m = 5 (solid line) m = 6 (dashed line)
Figure 3. Error functions-Problem (5.2).
Figure 4 presents the plot of the absolute error as m increases, on a log,, scale.
105 |
1078
10-°
10-"2
2 3 2 5 6 7
Figure 4. Log,, plot-Problem (5.2).
Table 2 presents the maximum error for different values of m.
Table 2. Maximum error-Problem (5.2).
m |Erramlleo
2 1.68-107%
3 4.96-107%
4 437-107%
5 1.32-107!
6 5.16- 1072
7 2.66- 107"
Example 3. Consider the following UDP
y¥(x) = sinx + sin x — (y")?, xe[0,1]
y(0) =0, A,y(0) =sini, Asy(0) = sin% — 2sin %, (5.3)

Ajy(0) = sin1 + 3sin 3 — 3 sin 3.
h = % The analytical solution is y (x) = sin x.
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Figure 5 shows the graphs of the error functions for m = 3,4 (Figure 5a) and the graph of the error
functions for m = 5,6 (Figure 5b).

321078

i 2.5x10-1
2.5x10"

; 2. =10 .

2.x10°F Erra(x) T Erra s(x)

Ty : 15x10" :

1.5x 10 = = Emg4(x) e = = Emgg(x)

1% 107 1.x10
5 =107 5% 10712
Y02 04 06 08 10 " 02 04 06 08 10
(a) m = 3 (solid line) m = 4 (dashed line) (b) m = 5 (solid line) m = 6 (dashed line)

Figure 5. Error functions-Problem (5.3).

Figure 6 provides a graphical representation of log,,(error) versus m, highlighting their
relationship.

2 3 2 A 7

Figure 6. Log( plot-Problem (5.3).

Table 3 lists the maximum error for different m values.

Table 3. Maximum error-Problem (5.3).

m IETrs3 mlloo
2 8.46 - 107%
3 1.52-107%
4 2.63-1071°
5 1.40- 1071
6 2.89-10713
7 6.55-1071

Example 4. Consider the following fifth order UDP

YI(x) = yA(x) e, x €[0,1]

Y0) =1, Ay©0) =e5 — 1, A2y(0)=1-2e5 + ¢,
4 5.4

ApY(0) = =1+ 3¢5 = 3¢5 + €5, Ajy(0) = 1 —des +6¢5 —des + o5,

Ay(0) = e — 1 + 55 — 10e5 + 10e3 — 5e3.
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The analytical solution is y (x) = e*. As in the previous examples, the following figures show the graphs
of the error functions for m = 3,4 (Figure 7a), for m = 5, 6 (Figure 7b) and the variation of log,(error)
with respect to m (Figure 8).

3. =107 4. =102
25x10"® ; ™ 1
5.5 10‘? Erry zlx) 3. =107 Erry s(x)
16x10" — — Emy4(x) 2 x10-12 i = = Emyg(x)

1.%x 10 > 3

5.x 107" Bl i

" 02 04 06 08 10 " 02 04 06 08 10
(a) m = 3 (solid line) m = 4 (dashed line) (b) m = 5 (solid line) m = 6 (dashed line)

Figure 7. Error functions-Problem (5.4).

-
(=1
|
5]

T CH §
o o
L L
2 =

ki
(=]
L

s

7 3 4 8 6 T

Figure 8. Log( plot-Problem (5.4).

Table 4 reports the maximum error for several choices of m.

Table 4. Maximum error-Problem (5.4).

m IErrenlle
2 1.19-107%
3 5.68-10712
4 2.09-1071
5 3.18-1075
6 5.19-1071
7 4.88-10716

6. Conclusions

We introduced the higher-order UDP, that is, a nonlinear ordinary differential equation of higher
order associated with an umbral interpolation problem of the same order to that of the differential
equation. We established the existence and uniqueness of the solution through constructive Picard-type
iterations. A numerical procedure for practical calculations based on Birkhoff-Lagrange interpolation
is proposed. Two new examples of UDPs are presented and analyzed: the so-called Euler umbral
problem and a higher-order multipoint differential problem. The latter problem is also referred to as
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24854

the degenerate Cauchy problem since, as 4 — 0, the conditions tend to the initial conditions. Some
numerical examples are provided, showing promising results. Further theoretical and computational
developments are possible. On the other hand, a natural direction would be to consider the problem in
appropriate functional spaces and to study more general conditions for the existence of the solution.
Numerical implementation using finite difference methods is also a viable approach. Naturally, new
explicit examples are desirable.
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