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SHEPARD-BERNOULLI OPERATORS

R. CAIRA AND F. DELL’ACCIO

ABSTRACT. We introduce the Shepard-Bernoulli operator as a combination
of the Shepard operator with a new univariate interpolation operator: the
generalized Taylor polynomial. Some properties and the rate of convergence
of the new combined operator are studied and compared with those given for
classical combined Shepard operators. An application to the interpolation of
discrete solutions of initial value problems is given.

1. THE PROBLEM

Let X = {z1,...,xn} be a set of N distinct points of R*,s € N, and let f be
a function defined on a domain D containing X. The classical Shepard operators
(first introduced in [24] in the particular case s = 2) are defined by

N
(1.1) Sna (@) =) Aui (@) f (2:), u>0,
i=1
where the weight functions A, ; (z) in barycentric form are
|z — x| "

(1.2) A () = —

PONEEE

k=1

and |-| denotes the Euclidean norm in R®. The interpolation operator Sw,, [f] is
stable, in the sense that

min f (i) < Sy [f] () < max f (2:) ,

but for g > 1 the interpolating function Sy, [f] () has flat spots in the neighbor-
hood of all data points. Also, the degree of exactness of the operator Sy, [] is 0, in
the sense that if it is restricted to the polynomial space P™ := {p : deg (p) < m},
then Sy, []|pm = Idpm (the identity function on P™) only for m = 0. These
drawbacks can be avoided by replacing each value f (x;) in (LI with an interpola-
tion operator in xz;, applied to f, having a certain degree of exactness m > 0. More

precisely, if for each i = 1,..., N P [, z;] denotes such an interpolation operator in
x;, then the related combined Shepard operator is

N
(1.3) SnuPU(@) = S A (@) Plf, ] (x).

i=1
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Shepard himself proposed such a generalization (in the bivariate case) by using for
each i = 1,..., N instead of f(z;) the Taylor polynomial of f of degree 1 at x;,
when the gradient of f at each node z; is also given. In this case the combined
operator has degree of exactness 1 and if p > 1 it also interpolates the first partial
derivatives at the interpolation nodes [24].

Several interpolation operators have been introduced and studied to increase the
degree of exactness of the Shepard operator: Taylor [7, 8 [14], 5], 24], Lagrange
[8) @], Hermite [l 8], Birkhoff [6l [§], least square approximations [20] 211, 22] [25],
and splines [8]. The present paper is devoted to a further combination of the Shep-
ard operator with a new interpolation operator, the generalized Taylor polynomial,
recently proposed by F. Costabile [I0]. In section 2 we recall some known prop-
erties of the generalized Taylor polynomial and give new results on the error of
approximation that will be used later in the paper. In section 3 we define the uni-
variate Shepard—Bernoulli operator and study its rate of convergence when applied
to functions in the class C™ in an interval containing the nodes. This operator
has degree of exactness equal to m, while the Shepard—Taylor, Shepard—Lagrange,
and Shepard—Hermite operators all have degree of exactness equal to m — 1. The
considered operators all have the same rate of convergence; numerical examples,
given in section 4, demonstrate the accuracy of the proposed combination in some
special situations. Finally, in section 5 we apply the combined Shepard operators
to the problem of interpolating the discrete solutions of initial value problems for
ordinary differential equations. We interpolate the exact solution of such a prob-
lem by a rational (real analytic) function with an order of approximation that is
comparable with that of the classical Hermite cubic spline interpolation. In our
opinion this kind of approximation is desirable, in particular if the exact solution
is analytic.

2. SOME REMARKS ABOUT THE GENERALIZED TAYLOR POLYNOMIAL

The generalized Taylor polynomial is an expansion in Bernoulli polynomials, i.e.,
in the polynomials defined recursively by means of the following relations [I8]:

BO (I) = 1,
B (z) =nBui (), n>1,

(2.1)
fB z)dz =0, n> 1.

For functions in the class C™ ([a,b]), a,b € R, a < b, this expansion is realized by
the equation

(22) f((ﬂ) :Pm[f7a7b](x)+Rm [f7a7b] (1’), T e [avb},
where the polynomial approximant is defined by
(2.3) Pulf.a.b](@ +Z Byt (1670 ) = 670 ()

and the remainder term is
(2.4)

s =5 oo o (55 e ()
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where we have set By, = By (0) and we have denoted by [] the integer part of
the argument and h = b — a. The name chosen for the polynomial approximant

P,.[f,a,b] is derived from a nice property of this operator: its limit when h — 0 is
the Taylor polynomial T,, [f, a] (z) of degree m of f about a :

lim Pyl f,a,0(2) = T [ 0] (2).

Moreover, the polynomial P, [f, a, b] satisfies the following interpolation conditions:

(25) Pulfsasbl (@) = £ (a), Polfsat] ()= 1 (5).
and
(2.6)
L b 6) =L P fab (@) = £P (5) = £ (@), k=1,....m—1
dok @ ok @) = » B=he,mo L

Another notable property of ([Z3)) is that, for each fixed m > 1, this approximant
is exact for polynomials of degree not greater than m, since

[ om0 e (e

for each = € [a, b].

Clearly a polynomial can be defined by means of equation (23] also in the case
when a > b; a property of P, [f,a,b] (z) not stated in [I0] is that this polynomial
does not depend on the order of the points a, b.

Theorem 2.1. For each a,b € R, a # b,

P, [f,b,a] () = Py [f,a,b] (z), foreachm>1, x€R.

Proof. We will use the well-known symmetry of the Bernoulli polynomials [I]
Bn(]'*x) - (71)an($)v n > Oa x GR?
and the property of the Bernoulli numbers [I]

B, =(-1)" B, for each n > 2.
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By a straightforward calculation we have

Pou[f.,a] ()

OIS w (a0 (£ (a) - 150 ()
k=1

— ¢ (b)+zm: B (1_1—!3) — B (—1)* (b — a)*! (f(k—l) (b)— fO=D (a))
k=1

— ) - (31 (1 - f_g) —Bl) (/ () - f ()

o (- k,_) B e (T )
k=2

NE
=
—_
—
SN—
ol
—
S
\
S
S~—
ol
\
-
oumnN
X
T
N
—
(=
=
\
~
g
x>
|
o
=
—
=)
S~—
N—

k=2
=P, [f,a,b] (z). O

With regard to the successive derivatives of the polynomial P, [f,a,b] (z) we
can prove the following result.

Theorem 2.2. Let f € C™ ([a,b]) and suppose that the derivative f(™+1) erists

and is bounded in (a,b); set h =b— a. Then for each j =1,...,m we have
&’ ) )
wpm [f7a7b] (l‘) = f(J) (a)+0(hm_]+1) .

Proof. By differentiating j times the polynomial P, [f,a,b] (z) we have

B plfoant] (@) = 30 2t Ca i (e gy 00 )

2 (k)
so that
i " Brj i _ _
me [f,a,b] (z) . = kz:: (ki;)!hk j—1 (f(k 1) (b) — FO=1) (a))
m—j
= 3 D (0 () - 0 ()
k=0

If f € C™([a,b]) and the derivative f(™+1) exists and is bounded in (a,b), then
by the well-known Taylor expansion with Lagrange remainder we have, for each
k=0,1,...,m — 7,

W (£ () =5 (a)
o i f(z) (CL) hl,j + f(m+1) (gk) hmfj+1

B ke — i ! —k—3 | ’
Z,:’Hj(z kE—j+1)! (m—k—j+2)!
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for some & € (a,b). Consequently
dj
Po[f.0.8] (2)|
r=a

i
(B [ fOUa) iy fUE) i
P U ey e T ey oy e TG

|
EPﬂS

i=k+j

3

—J

i &L i— ]+Z Bk f(m+1) (fk) pm—itl
kﬂ k' (i—k—j+1)! Pim—k—j54+2)!

Eod
I
=)

i=

Z hz J+ Z m+1 (Ek) hm—j+1
k'z—]—i—l—k) (m—Fk—j+2) '

Since [18, p. 233]

HF”ﬂS

ﬁé By, [ 1,ifp=0,
k:Ok!(erl—k)! T 10, ifp>1,

)

we find

m—j % f(m+1) (gk) hmfjJrl

_ )
=@t k= 2

T=a k=0
= f(j) (a)+O (h7n—j+1) ) 0

Note that the polynomial P,,[f,a,b] can be extended in a natural way to the
whole real line. In order to obtain bounds for the remainder (2Z4]) even in points
outside the interval [a, b], we consider the operator

[ = Pnlf,a,b]

as acting on the space C™ ([c,d]) with ¢ < a and b < d. Peano’s kernel theorem
[13, p. 70] provides an integral expression for the remainder ([24]), as indicated in
the following theorem.

Theorem 2.3. Let f € C™ ([¢,d]) and x € [c,d]. Then for the remainder
(2.7) R [f,0,b] (x) = [ (x) = Pwlf,a,b] (z)

the following integral representations hold:

mfff(m) (t) Kop (z,t)dt, c<z<a,

(2.8) Ry, [f,a,b] (x) = ﬁf;f(m) (t) Koy (x,t)dt, a<ax<b,
g S FO (1) Koy (w,t)dt, b <@ <d,
where
Kop(z,t)=(@—t)7"" —(a—t)77"
" — 1)! . . B, (=) - B
(2.9) - Zh { t) k — (a— t) k} hk= lk(hk—!)k

and ()’i denotes the positive part of the kth power of the argument, i.e.,
()} = max {s",0}.
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Proof. First note that in the expansion (Z3]) there are evaluations of derivatives
of f up to the order m — 1 in points of [c,d]; on the other hand the exactness of
the approximant (23] on the polynomial space P™ implies the exactness of this
operator on the space P™~!. By applying Peano’s kernel theorem, we then have

1

(2.10) Ry, [f7 a, b] ($> = W

d
/ £ (1) Koy (1) dt,

where the kernel function (Z3)) is obtained by applying the linear functional f —
R, [f,a,b] (z) to (z — t)ik1 considered as a function of z. If x € [c, a], then by the
additivity of the integral we have

(2.11)
R, [f,a,b] (z)

1

= m‘/cxf(m) (t) Kap (v,t) dt + ﬁ‘/xaf(m) (t) Ko (2,t) dt

b d
+ ﬁ/ f(m) (t) Kap (Z‘, t) dt + ﬁ/b f(m) (t) Ko (l‘,t) dt.
Note that if ¢ < ¢t < z, then
Kop (,t) = (x—t)" "' = (a—t)"""
_ i (m - 1)' |:(b o t)mfkt _ (a _ t)m*k:| hk—l‘Bk(i)_‘Bk _ 0’

k=1(m —k)!

because (x — t)m_1 is a polynomial in = of degree m — 1 so that it must coincide
with its generalized Taylor expansion (23). By definition of the positive part, the
kernel (2.9) is also zero in the interval b < t < d, so we have the first case of ([2.8]).

The remaining expressions may be obtained by analogous arguments. O

The previous theorem allows us to obtain the desired bounds.

Theorem 2.4. Let f € C™ ([¢,d]) and = € [¢,d]. Then for the remainder [2.10) we
have

C(m)[[f™](b-2)", c<z<a,
(2.12) |Rum, [fya,b] (z)] < C’(m)Hf(m)H(b—a)m7 a<z<b,
C(m)[[f™](x—a)™, b<z<d,

where ||-|| denotes the sup-norm on [c,d] and

(2.13) C (m) = % <1 + iji (Zl) (?) Bk_l> . om=1,2,....

k=11=1
Proof. Let us assume that ¢ < x < a. In this case we have from (Z8]) that
B [f;0,0] (2)

1

- T / " FO (1) Koy (2, £) dt +

1

b
T / FO (4) Koy () dt.
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If x <t < a, then

Ka,b ({E t)
_ o (m — m—k _( _ m—k k—1 Bk (%) — By
(a—t)" kz::l [ —t) (a—1) ] h -
so that
/ Ka,b (l’,t) f(m) (t) dt
a _ m B. (2=2) — B
_ _A (a _ t) 1 f(m Z m— hk 15k ( hk!) k

k:1
y / (60"~ (a- t)m—k‘) FOm) (1) dt.

Note that the integrands are of type g (t) f(™ (t) with a g (t) that does not change
sign in [x,a]. In view of this last property, by the first mean value theorem for
integrals [13, Theorem 1.4.2] we have

/ aKa,b (z,t) F0™) (t) dt

— 7f(m) (é—) /a (a o t)m—l dt — ZEZZ : ;%:hlek (%};) — By,
z k=1 ) ’

L I (e R A L

x

for some &, & € [c,b], k=1,...,m, so that we find after some calculations

/ﬂK@b@awf””@>ﬁ

o) s 1) B () By
m (m—k+1)! k!

=—1"(©)

k=1

(2.14) % £ (&) (1 +n§ (bh:ﬂ)m_k_j (ahx>j> .

If a <t <b, then

Kap (x,t) = —iL_l))' (b— t)m—k k-

and
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and by applying the first mean value theorem for integrals we find after some
calculations that

b —1)! By (%*)—B
(2.15) /Ka’b(x,t)f( __hme(m) mmlﬁl_)'l) k ( hk!) k

for some ny € [c,b], k = 1,...,m. Substituting into (ZI1]) the left-hand sides of
@I14), @I5) with their respective right-hand sides, we finally obtain the following
expression for the error:

Ry [f,a,b] (x)
m ( m m! B (M) - B
IO Zf( : m—k—l—l)! : hk! :
-\ fa—a)? ™ (m) m!
T (T) ( P ) 2 ) ey
y By, (ﬁl) — By

In order to establish the bound [2I2]) we make use of the well-known identities

k
(2.16) By, (z) — By = Z(I;) Bz, k=1,2,...,

=1

from which it results after some calculations

| R [f, 0, 0] ()]

(e B )
el (o ER0)() ) ()

The third expression (2I2) can be proved in an analogous manner. O

Since the degree of exactness of the operator Pp,[-, a,b] is equal to m, we can
prove the following result in an analogous manner.

Theorem 2.5. Let f € C™ 1 ([¢,d]) and x € [c,d]. Then for the remainder (2.7
the inequalities

C(m+1) "f(m+1)’| )" c<az<a,
|Rpn [f,a,0] (z)] < { C(m+1)|[f0D] (b —a)™", a<a<b,
C(m+1)|\fm+1)]|( )m“, b<z<d,

hold with C (m) defined in [213).

The first values of C'(m) for initial values of m are given in Table 1.
For large values of m the constant C(m) tends quickly to 0; in fact the following
upper bound holds.



SHEPARD-BERNOULLI OPERATORS 307

TABLE 1. First values of C'(m)

m 1 2 3 4 ) 6 7 8 9
C(m) | 2.000 | 2.500 | 2.166 | 1.375 | 0.677 | 0.272 | 0.092 | 0.027 | 0.007

Theorem 2.6. For eachm =1,2,... the constant C (m) defined in (213)) satisfies
the inequality

_m=1

om) <2 (B 4 <mT—1> ;

7n731]

(2m)2™

Proof. Let us consider the sums involved in (ZI3]). By inverting their order and
substituting k£ — [ with s as a dummy index we have

ii(f) () med =35 (3) (7) e
- an(lTJ (")

=1 s=0
m—1lm—s
m l+s
- ZZ(H—S)( ! )'Bs'
s=0 (=1
Since by [1]
1
By = 1, By = _57 BZS+1 =0, s=12,...,
[2I3) becomes
1 m 1 m m—1 1 m
C = — — i l
(m) m!+;m!(1)+;2m!(l+l)
1 [ Imas m 1+ 2s
— Bogl .
o Z(H—ZS)( z >2|
s=1 [=1
Now set

m—2s

1 m [+ 2s
m,s *— 7y Bas| .
Con, m! — <l+25)( l ) 2|

(—=1)* 71 2(2s)!
(271_)25

where, as usual, ¢ denotes the Riemann zeta function, and by the inequality [16]

By the formula [106]

Bas = C(2s)a5:1a2>"'a

nl>n3, n=12,...,
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we obtain after some calculations

m—2s

Cm,s §2 Z ! m—2s—1 X C(282)5
= (m—2s—1)" 2 [z (2m)

For each pair of fixed positive integers m, s, s.t. m — 2s > 0, the function

m—2s—1

l—(m—2s—1) 2 12, 0<l<m-—2s,

m—2s mg%
T)

m—2s
2

attains its minimum value ( inl= , so that we get

m—2s —m_<s
m— 2s 2 ((2s)
Cm,s <2 ( > PR
U e

and since [16]

2
C(zS)SC(2):€v S:1a27"'a
we finally obtain
_9 1-m32s g2
Con,s §4(m S) 5
2 (2m)™

We can prove in an analogous manner that

S =25

and
m—1

m—1 1 m m—1 1- 25
S s (5
2m!I\l+1 2

=1

A straightforward calculation furthermore shows that
m,_g[m;:ﬂ]

1
R m72[m;31] 2
(m — 25) 2 1 2

(2m)* ~ (gﬂ)Q[mE‘“] ’

A

from which it easily follows that

2

1——2Lt =
[m2_1] 1—m=—2s w 5
DR (et R S it Y W
s=1 - 3

2 (271_)23

and then the assertion.
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3. THE SHEPARD—-BERNOULLI OPERATOR:
DEFINITION, ERROR ESTIMATION, AND RATE OF CONVERGENCE

Let 21 < 20 < -+ < xny_1 < xn be fixed points of an interval I C R; we set
X ={z1,...,en} and zn41 = 2N_1.

Definition 3.1. For each fixed p > 0 and m = 1,2,... the Shepard—Bernoulli
univariate operator is defined by

N
(3.1) S, [f](z) = ZAu,i (@) Pulf, i, @i (@), @ €1,

where P, [f,x;, z;y1](x) is the natural extension of the polynomial approximant
defined in (Z3]) over the whole interval I.

The following statements can be checked without any difficulty.
Theorem 3.2. The operator Sg,, [-] is an interpolation operator inxz;, i =1,...,N.

Proof. The assertion follows from the relations ([Z35]) in view of the well-known
property
(3.2) Ami (Ik) :5ik7 i,kz 1,...,N. (I

Theorem 3.3. The degree of exactness of the operator Sg,, [-] ism, i.e., Sg,, [p] =
p for each univariate polynomial p € P™.

Proof. The assertion follows from the well-known property

N
Z Ai()=1
i=1

since the degree of exactness of P, [, z;, x;41] ism fori=1,...  N. O

As for the continuity class of the Shepard operator, and consequently the conti-
nuity class of the Shepard—Bernoulli operators, there is the following result [4].

Theorem 3.4. If P[-,x;], i =1,..., N, are polynomial interpolation operators in
x;, then the continuity class of the operator (L3) depends upon p and, for p > 0,
is as follows:
i) if p is an even integer, then Sy P[] € C*;
ii) if p is an odd integer, then Sy, P[] € C*1;
iii) if p is not an integer, then Sy, P[] € CWM;
here [u] is the largest integer < p.

Remark 3.5. We emphasize that if ;¢ is an even integer, then Sy ,P[] € C¥ (the
class of real analytic functions); in fact [§]

vajél |z — ;|
7
Api(x) = 1N ’ N ‘
S Il=1 |z —ayl”
k=1 j#k
Theorem 3.6. For each j s.t. 1 < j < p we have
@’ &’
——5B,, [f1(z) = @Pm [f, ok, Tp1] () , k=1,.,N.

J
dl‘ T=TL T=TL
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Proof. Tt is known that for each j s.t. 1 <j < p [§]

d7
(33) wAM)i (.’L’)

T=Tk

The assertion of the theorem then follows by applying the Leibniz rule and by using

relations (3:2), B3):
d7

wsBm [f] (x) -
N dj
= Z ? (Aﬂvi (x) Pm [f; T, xi-’rl] (1‘))
=1 o
N . i—1 !
7\ & d
1=11=0 TETE o
= P lf 2 2] (@) .

In order to study the rate of convergence of the Shepard—Bernoulli operator
we follow the ideas of Farwig’s paper [I5], later pursued in [§]. We introduce the
following notations:

Ip(l‘):[ﬂf—p,ZII—Fp], p>07
r=inf{p>0:Veel, I,(x)NX # o},

and

M:SHP#(IT(.%)QX),
zel

where # () denotes the cardinality function, so M is the maximum number of
points from X contained in an interval I, (x). For the Shepard-Bernoulli univariate
operator we then have the following error estimates.

Theorem 3.7. If f € C™ (I), then

1S, 1] = £l < €M £ e (),

where ||-|| denotes the sup norm in I,
|1Og7"|717 p=1,
- p-t l<p<m+1
4 m—1 — r ) H )
(3.4) e () ri~Llogr|, p=m+1,
rm w>m-+1,

C is a positive constant independent of x and X, and r is given above.

Proof. Let a,b € I be fixed, a < b; for each x € I we set

b—z, x<a,
(3.5) dla,b](z)=¢ b—a, a<z<b,
r—a, b<ux,
i.e., d|a,b] (x) is the distance of x from the interval [a, b], plus b — a; we set also

d™ [a, b] (x) = (d[a, ] (x))" .
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In view of ([ZI2)) the following inequality holds :

1S, [f] (z) = f ()]

IN

hE

Aj () Pl f, wi, 2ia](2) — f (2)

1

-
I

A; () |Ppf, s, xiga](x) — f ()]

-

©
Il
=

IN

Cm) |1 s @),

where

2

| — | " d™ [, 2i44] (2)

(3.6) sy (x) =+

Il
—

N —
> | — "
k=1

We want to show that
sy (z) < CM&ZL_l (r),

where C is a constant independent of  and X. Denoting by diam (I) the diameter
of the interval I, we set

n{dia;n?@]ﬂ,

Q,u)=w-—p,ut+p, wel, p>0,
and
T, =Qr(z—2rj)UQ, (x+2rj), j=0,1,...,n.

Clearly the set U?:_nQ,« (x 4 2rj) is a covering of I with half open intervals; con-
sequently, for each ¢ € {1,..., N} there exists a j € {0,...,n} such that z; € Tj.
Then the following inequalities hold:

(3.7) (25— 1)r <ozl < 25+ 1)1,
and by (3.3)
(3.8) dfei i () € QG +1) + Dr.

On the other hand, by definition of M it follows that
I1<#(XNT) <M
for each j =0,1,...,n. Let us denote by x4 the node closest to x; since

|z — 2q| ™"

N =1
> o — @™
k=1
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we get, by applying (3.1), (3.8)

m 2 —ai| " d™ [z, ] (1) | |z — @i " d™ [y, 2444 (2)
s (2) < Z + Z Z N

- N
dfl S fe-ml Tt FRED S oo
k=1 k=1

< A wnwia] @) + e —wal D> o — @ T A [, mi44] (2)

z; €TH jleiETj

<M (3r)™ +2Mr*y (25 = 1)) (25 +3) )"

j=1
n
< M5mpm (1 n 22;"”—“),
j=1

where the last inequality follows from

2j—-127, J
2j+3<5j5, J

1,2,...,
1,2,....

‘We have two cases:
Case 1 (u>1).
Subcase la. If 1 < p < m + 1, then

r™ 14 Qij_“ =0 (r ).
j=1
Subcase 1b. If 4 =m + 1, then

St =logn > [logr]
j=1
Subcase lc. If u > m + 1, then Z?lem*“ is bounded.
Case 2 (u =1). The function s7* (z) defined in (34,

N —1
; |z — x| d™ [x, 2ig1] (@)
51" (z) = = ~

> e — x|

k=1

has its denominator greater than or equal to
- C
YDILEPIRES 35 DUTSIALISD DETRPAL B e
xr€To j:].ai'kETj xr€To
and its numerator less than or equal to
n
Dol =il A wnwia] (@) + )0 ) el AT e wia] (2).
z; €Ty j=la,€T;

By applying the inequality

%Zl<z%a a'LZOa b’b>07
i 4
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we get
-1 m = ~1 m
ZT |z —@i|  d™ [@i, wia] (@) + Zl ZT |z — @i d™ [i, wiga] (2)
z;,€To J=lz; €T}
s (z) < —
! S|z — xg l—l—%\logr\
xr€To
017“
< dM i) (2 o T|Z > - "2, i) (2)
x; €TH S j=1lz; GT
<M 3 2 —1 2 3
(3r)" |1Ogr‘zz J (27 +3)"
j=1lx;€T;
< M5™y™

02 = -m—1
1+

|1ogr|j§
206

< M5 (14 2
[log 7|
:O(|10gr|_1> . O

Remark 3.8. In the papers [15], [§] estimates similar to those of Theorem 3.7 have
been proven for the Shepard—Taylor, Shepard-Lagrange, and Shepard-Hermite
combinations, thus the rate of convergence is equal for all considered operators.
Nevertheless we underline the following fact: for fixed m > 1 and f € C™ (I), the
Shepard-Bernoulli operator has degree of exactness m, while the degree of exact-
ness of Shepard—Taylor, Shepard-Lagrange, and Shepard—Hermite combinations is
m — 1.

In an analogous manner we can prove the following result:

Theorem 3.9. If f € C™HL (1), then

15, 1] = £l < CM || £ = ()

where
|10g7‘|_1, N:L
m ) oy l<p<m+2,
(3.9) e () = rt~Llogr|, pw=m+2,
L w>m+2,

and C is a positive constant independent of x and X .

4. NUMERICAL TESTS

Let us investigate the accuracy of the combined Shepard-Bernoulli approxi-
mation operator when applied to the following set of functions on the interval
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I1=10,1]:
Saddle
Sphere
Cliff
Gentle
Steep

Exponential
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1.25
h=——F7—"=,
64+6(3x—1)
64 — 81(x — .5)2
fa= 9( ) — .5,
tanh(—9x + 1
fs :¥ 5,
_exp(—{i(z - .5)%)
f4 - 3 )
exp(—5 (z — .5)%)
f5 - 3 )

fe =.75 exp(W) +.75 exp(w>

49

+.5 exp(—w) +.2 exp(— (92 — 4)2).

These functions result from adapting to the univariate case test functions generally
used in the multivariate interpolation of large sets of scattered data [19]. For each
function f; we will compare the numerical results obtained by applying the approxi-
mation S, [f] with those resulting from applying the following combined Shepard

approximation operators known in literature:

the Shepard—Lagrange univariate

operator Sz, [f] and the Shepard-Taylor univariate operator St [f] defined as

follows [8] 15} 25]:

with
m

[fvxz

and

with

Titj — Tit+k

N
St [f1(x) =D Ai (2) Tn [ f, 23] ()
=1

] (5= f

Jj=0

f*l‘l)

m

N
S, [f](x) = ZAi () L [f 23] (2)
=1
H ) S f(®@ivi) TN+ = TN-mtj—1, J=1,...,m,

In the following section we will also consider a special case of the Shepard—Hermite

univariate operator

N

Stam 1 f] (@) =D Ai (2) Homr [f, 3] ()

i=1
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obtained from the Shepard operator in combination with the two-point Taylor in-
terpolating polynomial [2], a special case of the Hermite interpolating polynomials:

Hop,— 1[ z)(z)

m 1 j m k
z]: <m+k— 1) (z —'LL'Z')] (.’L‘_.Ti+1 ) < T —x; > £ (a0)
= = J! T — Tit1 Tiy1 — T

(x—xi+1)j r—x; \ [ x— 241 k )
+ : [P (wiv1)] -
J! Tit1 — Ty Ti — Tit+1

Tables 2-7 show mean and maximum absolute interpolation errors, computed
for different values of the parameters p and m. Taking into account the number
of degrees of freedom of each operator according to [3], we used uniform grids of
33 points in the interval [0,1] for S, and Sz,; at the same time we used grids
of 17 points for Sp,, Sr,, and St,, grids of 11 points for Sg,, Si,, and St,, and
finally grids of 8 points for Sp,. In order to have as accurate an estimation of the
error as possible, we computed the resulting function approximations at the points

TABLE 2. Saddle

Stm- 1] (@) Ty [f1] (%) S, [f1] (z)
(/’l’7 m) 87”6@” 87”@"]; gmean 87”@"]; gmean 67”(1‘17
(2,1) 0.001328 | 0.003901 0.001328 | 0.003901 0.001050 | 0.004954
(2,2) 0.001050 | 0.004954 0.001067 | 0.003575 0.001062 | 0.004715
(2,3) 0.001248 | 0.007232 0.001043 | 0.003988 0.001490 | 0.005153
(3,1) 0.001246 | 0.002785 0.001246 | 0.002785 0.000476 | 0.003314
(3,2) 0.000476 | 0.003314 0.000321 | 0.002282 0.000333 | 0.002302
(3,3) 0.000718 | 0.004230 0.000151 | 0.001188 0.000206 | 0.001096
(4,1) 0.001437 | 0.003308 0.001437 | 0.003308 0.000457 | 0.003233
(4,2) 0.000457 | 0.003233 0.000244 | 0.001837 0.000259 | 0.001908
(4,3) 0.000699 | 0.004160 0.000052 | 0.000503 0.000136 | 0.001460

TABLE 3. Sphere

Stm [f2] (@) STy [fo] (2) Sp,, [f2] (z)
(/’(‘7 m) Emean €’m.ar gmean €’m.ar gmean Emam
(2,1) 0.001330 | 0.006394 0.001330 | 0.006394 0.002145 | 0.005623
(2,2) 0.002145 | 0.005623 0.002263 | 0.005076 0.000312 | 0.000842
(2,3) 0.000260 | 0.000758 0.000371 | 0.000945 0.000586 | 0.002344
(3,1) 0.001408 | 0.004570 0.001408 | 0.004570 0.000583 | 0.001620
(3,2) 0.000583 | 0.001620 0.000480 | 0.001313 0.000058 | 0.000247
(3,3) 0.000106 | 0.000421 0.000034 | 0.000133 0.000079 | 0.000323
(4,1) 0.001628 | 0.005677 0.001628 | 0.005677 0.000510 | 0.001447
(4,2) 0.000510 | 0.001447 0.000287 | 0.000958 0.000039 | 0.000255
(4,3) 0.000096 | 0.000452 0.000007 | 0.000024 0.000025 | 0.000113
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TABLE 4. CIliff

Sy [f3] () ST, [f3] (2) S, [f3] ()

(/’L7 m) 67”6@” 57”@!1‘ gmean 57”@!1‘ gmean 67”(13{7
(2,1) 0.004773 | 0.039174 0.004773 | 0.039174 0.006604 | 0.038815
(2,2) 0.006604 | 0.038815 0.005827 | 0.019985 0.004710 | 0.031367
(2,3) 0.005537 | 0.046979 0.007020 | 0.025692 0.013455 | 0.062821
(3,1) 0.004080 | 0.026022 0.004080 | 0.026022 0.002522 | 0.021627
(3,2) 0.002522 | 0.021627 0.001727 | 0.015187 0.002466 | 0.027527
(3,3) 0.003962 | 0.035485 0.001144 | 0.011410 0.002138 | 0.016732
(4,1) 0.004661 | 0.030332 0.004661 | 0.030332 0.002405 | 0.021752
(4,2) 0.002405 | 0.021752 0.001347 | 0.013669 0.002170 | 0.034048
(4,3) 0.004146 | 0.040890 0.000663 | 0.008714 0.001542 | 0.024101

TABLE 5. Gentle

Sy [f4] (@) STy [f4] () 5B, [f4] ()

(M’ m) Emean €maw Emean €maw Emean Emax
(2,1) 0.002243 | 0.006798 0.002243 | 0.006798 0.002590 | 0.007116
(2,2) 0.002590 | 0.007116 0.002512 | 0.006030 0.001897 | 0.005956
(2,3) 0.001895 | 0.006919 0.001898 | 0.005585 0.001138 | 0.006015
(3,1) 0.002184 | 0.004667 0.002184 | 0.004667 0.000681 | 0.003277
(3,2) 0.000681 | 0.003277 0.000490 | 0.002431 0.000378 | 0.001727
(3,3) 0.000783 | 0.003035 0.000187 | 0.001007 0.000175 | 0.000940
(4,1) 0.002525 | 0.005541 0.002525 | 0.005541 0.000618 | 0.002978
(4,2) 0.000618 | 0.002978 0.000333 | 0.001689 0.000270 | 0.001163
(4,3) 0.000709 | 0.002656 0.000045 | 0.000249 0.000089 | 0.000575

TABLE 6. Steep

St 1@ St 1) @) S, (51 @)

(,u, m) Emean | Emax Emean | Emax Emean | Emax
(2,1) 0.003744 | 0.012533 0.003744 | 0.012533 0.002358 | 0.012532
(2,2) 0.002358 | 0.012532 0.001790 | 0.007709 0.002950 | 0.015868
(2,3) 0.004414 | 0.027049 0.002697 | 0.011764 0.004950 | 0.019728
(3,1) 0.003060 | 0.008709 0.003060 | 0.008709 0.001930 | 0.011016
(3,2) 0.001930 | 0.011016 0.001218 | 0.006998 0.001501 | 0.009079
(3,3) 0.003487 | 0.017791 0.000586 | 0.003912 0.000909 | 0.005278
(4,1) 0.003527 | 0.010438 0.003527 | 0.010438 0.001945 | 0.011413
(4,2) 0.001945 | 0.011413 0.001000 | 0.005903 0.001323 | 0.008184
(4,3) 0.003478 | 0.018516 0.0002566 | 0.001789 0.000815 | 0.006381

i/101, ¢ = 1,...,100. Note that the approximation data corresponding to the
classical Shepard operator coincide with those obtained by applying the operators
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TABLE 7. Exponential

SLm-s [fs] () 51, [f6] () S8, [f6] (z)
(/’L7 m) 5mean 87”@!1’ gmean 87”@!1’ gmean 5maa¢
(2,1) 0.007930 | 0.025868 0.007930 | 0.025868 0.007669 | 0.034957
(2,2) 0.007669 | 0.034957 0.006299 | 0.022608 0.005271 | 0.025436
(2,3) 0.012072 | 0.045807 0.003968 | 0.019925 0.025296 | 0.067861
(3,1) 0.007543 | 0.018120 0.007543 | 0.018120 0.005122 | 0.021099
(3,2) 0.005122 | 0.021099 0.002905 | 0.015777 0.004379 | 0.024620
(3,3) 0.011187 | 0.048933 0.001660 | 0.010758 0.003523 | 0.020488
(4,1) 0.008484 | 0.020677 0.008484 | 0.020677 0.005026 | 0.022762
(4,2) 0.005026 | 0.022762 0.002402 | 0.013701 0.004233 | 0.024080
(4,3) 0.011221 | 0.051697 0.001198 | 0.008318 0.003020 | 0.018326

St, or St,; furthermore Sp, = Sr,. Numerical results show that the accuracy of
the Shepard-Bernoulli interpolation is comparable with the accuracy of Shepard—
Lagrange and Shepard—Taylor interpolation. To verify that the obtained results do
not depend on the particular grid, we computed numerical approximations using
sets of random nodes of interpolation in the interval [0, 1]; the results show that
the approximations are comparable in those cases, too.

5. AN APPLICATION OF THE COMBINED SHEPARD OPERATORS
After solving initial value problems

yl(l‘)Z(p(LL‘,y(:L‘))7 (x,y) €I xR,
(5.1) { y (zo) = Yo, zo €1,

by means of a discrete method, we often need to know the solution on a set of points
that differs from the grid. The nonnodal approximations are generally obtained by
interpolation of the discrete data, and different features can be requested from
the interpolants according to the problem. When the exact solution is infinitely
many times differentiable (analytic), then the combined Shepard operators can be
used to interpolate the discrete data. In fact, combinations of these operators with
discrete solvers of ODEs will provide, for special values of pu, infinitely differentiable
(analytic) approximations of the solution of the problem (&.I) on the whole interval
1. An algorithm for constructing these interpolants can be arranged as follows. The
discrete solver produces an approximation g; of the exact solution y (z;), with a
certain tolerance, at each node x;, ¢ =1,..., N, in the interval I of interest. Since
a step control algorithm is enclosed in the ODE solver, the distribution of the nodes
depends on the function ¢. When ¢ is smooth enough then y € C* (I) (at least)
and the value g, = ¢ (z;, ;) approximates the value ¥’ (z;), ¢ = 1,..., N, with the
same precision as that of §; with respect to y (x;). The proposed interpolants are
then obtained by substituting the exact values into the definition of the combined
Shepard operators with their respective approximations.

Tables 8-11 show the accuracy of the combined Shepard operators St, [], Sg, [],
and Sy, [-], when applied to interpolating the discrete solutions of the first four
nonstiff DETEST problems Al-A4 [I7]; a comparison of this accuracy to that
of the classical cubic Hermite spline [3], here denoted by Cp,, is possible. The
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discrete approximations are computed by means of the MATLAB® ode45 solver
in the interval [0, 20] with various settings of the absolute and relative tolerances
¢ = {AbsTol, RelTol}. If we denote by he = maxi<p<n,.—1 |25 — 25| the size of
the grid 0 = 2§ < x5 < - < xf_ = 20 of the nodal approximations § = {#;}, then
for p = 6, St, [9] (x), SB, [§] (z), and Sp, [7] (z) are rational, infinitely differentiable
(analytic) functions, and, according to Theorem 3.9 and [8, Theorem 4],

157, [y] = yll < C1 ||y ||, A2,
158, [y] — yll < Ca [[y®|, 2,
185, ly) = yll < Cs [ly@ ||, nt.

Similarly, higher order approximations can be obtained by using the Shepard op-
erator in combination with the osculatory interpolation polynomial that involves
more than two points (for example three) [2, [3] or the operators St,_, [-], Ss,, [‘],
and Sp,,._, [-], m > 3; but, in the last three cases, symbolic partial differentiations
of the function defining the IVP problem are required. On the other hand it is well
known [3] that Cpy, is differentiable only once and

1o [yl = Il < Cu ||y n.
Problem Al: y = —y, y(0) = 1. Solution: y(z) = e~ .

With the tolerances ¢; = {1.0e — 06,1.0e — 03} the MATLAB® ode45 solver
returns the discrete solution y on a grid of 77 points and size h. = 5.0e — 1; by
changing the error tolerances to eo = {1.0e — 08,1.0e — 05}, oded5 returns the
discrete solution on a grid of 161 points and he = 4.2e — 1; finally by setting
es = {1.0e — 10,1.0e — 07} ode45 returns the discrete solution on a grid of 373
points and h. = 2.4e — 1; the maxima of the global errors computed on the output
grid for § and on the grid of 1001 points ¢/1001, ¢ = 1,...,1000, with Sy, Sp,, SH,,
and Cg, are presented in the Table 8.

TABLE 8. Accuracy for the A1 DETEST problem

y STI SB2 SHS CHS
€1 2.93e —04 | 4.43e — 03 | 7.23e — 04 | 2.96e — 04 | 2.95¢ — 04
€s | 2.49e — 06 | 8.32e — 04 | 2.56e — 05 | 2.50e — 06 | 2.50e — 06
€3 | 2.27e — 08 | 1.20e — 04 | 2.08¢ — 06 | 2.69e — 08 | 2.27¢ — 08

Problem A2: y = _7343, y(0) = 1. Solution: y(z) = \/11+—m

In this case and with the error tolerances ¢ = {1.0e — 06,1.0e — 03}, the
MATLAB® ode45 solver returns the discrete solution § on a grid of 49 points
and he = 5.0e — 1; by changing the error tolerances to e; = {1.0e — 08, 1.0e — 05},
oded5 returns the discrete solution on a grid of 65 points and h. = 5.0e — 1; finally
by setting e3 = {1.0e — 10, 1.0e — 07}, ode45 returns the discrete solution on a grid
of 117 points and h. = 4.8e — 1; the maxima of the global errors computed on the
output grid for § and on the grid of 1001 points for St,,Sg,, SH,, and Cp, are in
the Table 9.

Problem A3: y = ycosz, y(0) = 1. Solution: y(z) =e

In this case and with the error tolerances ¢; = {1.0e — 06,1.0e — 03}, the
MATLAB® ode45 solver returns the discrete solution § on a grid of 93 points

sin &
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TABLE 9. Accuracy for the A2 DETEST problem

y STI SB2 SHS CHS
€1 | 3.6be — 04 | 1.61e — 03 | 3.67e — 04 | 3.70e — 04 | 3.65¢ — 04
€ | 2.85e — 06 | 4.01e — 04 | 2.85e — 05 | 3.06e — 06 | 2.85¢ — 06
€3 | 4.79e — 08 | 7.29e¢ — 05 | 2.95e — 06 | 9.06e — 08 | 4.91e — 08

and h. = 3.1e — 1; by changing the error tolerances to ez = {1.0e — 08,1.0e — 05},
ode45 returns the discrete solution on a grid of 197 points and h, = 1.5e —1; finally,
by setting e5 = {1.0e — 10, 1.0e — 07}, ode45 returns the discrete solution on a grid
of 465 points and h. = 6.3e — 2; the maxima of the global errors computed on the
output grid for § and on the grid of 1001 points for St,, Sg,, SH,, and Cp, are in
the Table 10.

TABLE 10. Accuracy for the A3 DETEST problem

y STI SBz SHS CHs

€1 | 3.76e — 03 | 2.54e — 02 | 7.43e — 03 | 3.79¢ — 03 | 3.79¢ — 03

€2 | 7.49¢ — 05 | 4.55¢ — 03 | 6.73e — 04 | 7.46e — 05 | 7.46e — 05

€3 | 7.08¢ — 07 | 7.65e — 04 | 3.22¢ — 05 | 8.72¢ — 07 | 7.07e — 07
Problem A4: =¥ (1 - %), y(0) = 1. Solution: y(z) = 14-192%'

In this case and with the error tolerances ¢ = {1.0e — 06,1.0e — 03}, the
MATLAB® ode45 solver returns the discrete solution § on a grid of 45 points
and he = 5.0e — 1; by changing the error tolerances to e; = {1.0e — 08, 1.0e — 05},
oded5 returns the discrete solution on a grid of 49 points and h. = 5.0e — 1; finally,
by setting €3 = {1.0e — 10, 1.0e — 07}, ode45 returns the discrete solution on a grid
of 93 points and h. = 3.6e — 1; the maxima of the global errors computed on the
output grid for § and on the grid of 1001 points for St,, Sg,, SH,, and Cp, are in
the Table 11.

TABLE 11. Accuracy for the A4 DETEST problem

y STI SB2 SHS CHS
€1 | 4.64e — 05 | 3.82e — 03 | 3.57e — 04 | 4.64e — 05 | 4.64e — 05
€ | 3.07e — 05 | 3.81e — 03 | 3.74e — 04 | 3.07e — 05 | 3.07e — 05
€3 | 2.05e — 06 | 1.75e — 03 | 1.26e — 04 | 2.17e — 06 | 2.05¢ — 06

Remark 5.1. The combined Shepard operators are global (i.e., their values at each
point z are affected by all the data); however, the global character of these in-
terpolants can be avoided by substituting the weight functions A, ; () with basis
functions W), ; (z) of an opportune class of differentiability Cj (R), 0 < s < oo,
with small compact support and which may depend on the local distribution of
data points [4], 23] 2] 26].

6. CONCLUSIONS

The univariate Shepard—Bernoulli operator can be extended to the multivariate
case by using the expansions studied in [IT], 12].
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