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We investigate the degree of approximation of bivariate functions on a rectangle
by various (discrete) spline-blended operators. Our aim is to give a fuller descrip-
tion than is available in the literature by using mixed moduli of smoothness of
higher orders. The crucial tool from the univariate case is a generalization of a
theorem of Sharma and Meir on the degree of simultaneous approximation by
cubic spline interpolators. The main results for the multivariate case are two
theorems expressing certain permanence principles, which explain how the Boolean
sums and certain (discrete) blending operators inherit quantitative properties from
their univariate building blocks. Various historical remarks and numerous referen-
ces are included in order to draw the reader’s attention to the somewhat diverse
history of the subject, 1990 Academic Press, Inc

1. INTRODUCTION

The present paper supplements our recent research (see [12, 14, 15]) on
the degree of approximation in C(/xJ), the space of real-valued functions
which are continuous on the rectangle IxJ, where I:= [a,b] and
J:= [c¢,d]} are non-trivial compact intervals of the real axis R. The
approximating functions used were trigonometric and algebraic blending
functions (pseudopolynomials). Functions of this type were introduced in
two papers of Marchaud [31, 327 and are (for the algebraic case) defined
by the scheme

IxJ3(x,y)— ) x"A,(y)+ Y Bi(x) y'eR

=0 J=0
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SIMULTANEOUS APPROXIMATION 171

Here A, and B, are bounded, real-valued functions on J and /, respectively,
and #n, m >0 are integers.

Thus the use of the so-called blending approach to construct approxi-
mating bivariate functions is a classical one. In addition to the work by
Marchaud, other early papers on the subject were written by Neder [ 36, 37],
Mangeron [30], Popoviciu [39, 407, and by Nicolescu [ 38]. These histori-
cal facts seem to have been overlooked for several years, aithough Gordon’s
highly original paper [19] is a most valuable source of historical references,
mentioning also Stancu’s [46] and Coons’ [10] important work on the
subject. The relevance of this background was emphasized in Birkhoff’s
paper [5] on algebraic aspects of multivariate interpolation.

While Gordon [16-22] carried out most of his work on the Boolean
sum method in the late 60’s, there were three schools, two Russian and one
Romanian, which independently and almost simultaneously worked on
related problems. Unfortunately, they used a somewhat different and some-
times misleading terminology, so that their results remained largely
unknown in the Western hemisphere until recently (see, e.g., [7, 41, 1]).
More detailed information in regard to the history of the subject and a
brief survey of some of the results of the Russian and Romanian schools
can be found in [12].

The bases {x°, x', .., x"} of [1,({) and {y" »', .., "} of [],{J) used in
the above representation of a pseudopolynomial may be replaced by bases
of other finite-dimensional subspaces of C(I) and C(J). If we choose
instead bases of certain spaces of splines defined on I and J, respectively,
we are led to spline-blended operators (such as, for instance, spline-blended
surface interpolators), also known as Gordon operators. A more exact
definition will be given below. The term “spline-blended operator,” or
similar expressions, are mainly used in papers dealing with the approxima-
tion-theoretical aspects of the subject; the terminology “Gordon operator”
or “Gordon surface”™ can be found in various articles written from the
viewpoint of Computer-aided Geometric Design (see, e.g., [6, 2]).

The aim of this note is to carry out an investigation on the degree of
approximation by Gordon operators and some of their generalizations and
modifications which is analogous to our previous work on approximation
by algebraic pseudopolynomials, and thus to give a fuller description of
their approximation behavior than is available in the literature. Both
pseudopolynomials and spline blended interpolants are the result of apply-
ing a certain blending scheme to a bivariate function f given on the square
IxJ. Another way of saying this is that they arise from some Boolean sum
of operators applied to certain functions f in a function space F. To be
more specific, let us recall that if P and Q are linear operators defined on
a function space F (consisting of functions over a domain D) and mapping
F into itself, then the Boolean sum of P and Q is given by
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(PO, x) = (P+Q— PO x)
=P(f—Qf.x)+QL.x), [eF. xeD.
For D=1xJ and fe C(Ix J), we define the partial functions f. and f* by

Fy)yi=f"(x) = f(x,y),  forall (x,y)elxJ.

If L 1s an operator given on some space G of functions in the variable
xel, then the parametric extension L of L to all bivariate functions
f:IxJ— R such that /* e G for all veJ 1s given by

Lifix vy = LU x). (x, y)elxJ.

Likewise, if M is an operator defined for certain functions in the variable
yeJ, the parametric extension .M of M is defined by

MOfix y) = M)
It thus makes sense to consider the Boolean sum
L@ M F>( L® M)F)

on the set [ of all bivariate functions for which this operator is well-
defined.

Before describing further what we will denote as a Gordon operator, we
make some notational remarks. For k, /e N, the symbol D'*" denotes the
partial differential operator ¢**//0x*0y'; occasionally we will write £/
instead of D'*"'f. We define

Cri(IxJ):={f:IxJ—R|D"™"fis continuous for 0 <k <p.0<I<q).

The corresponding symbols used for the univariate case will be C”(I), D'*',
(d/dx)*, and f'*', respectively. For p=¢=0, we write C(/) and C(IxJ)
instead of C°(1) and C*°(1x J). Similarly, D'’ and D‘*“ meun the identity
operators on the appropriate spaces.

For Gordon operators, the setting is now as follows. Let

A, =4, a=xo<x, < - <X, =h
be a collection of knots, i.e., a mesh, partitioning the interval / of the real
line R. We define
AX; = X, ., — X, O0ign—1,

0:=  max Ax, {“mesh gauge™),

O<i=n |

p:=9/ min Ax, (“mesh ratio™).

O=i<n |1
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If
P NI, 4,)
:= {p|pis polynomial of degree 2m — 1 in each interval (x,, x;, )},
then
SN A,) = PY(I, A4,)~ CXI)

constitutes a space of cubic splines.

Given any function f possessing a first derivative at x, and x,, the
so-called Type I cubic spline interpolant of f (“clamped spline™) is by
definition the unique element s,€ S*(1, 4,) satisfying

sx)=f(x). 0<i<n,

sp(x) =1"(x;), i=0,n

The spline s, can be written as

Sy (,\') :,/w(x()) P l('Y) + < Z .f‘('\‘f) ) ¢i(x)> +.f((xn) ) ¢n + ](x)v
i=0

where @,, —1<i<n+ 1, are the cardinal splines of Type I interpolation.
Clearly. the mapping

S, C)3fr>s,eS%4,) = C(I)

is linear. Using a further partition 4,, =4 ,, of J=[¢, d] yields a second
linear spline operator

S, ClI)afs,€ S 4,) < CHI).

m

Instead of the operator S, ., frequently the so-called natural spline
operators T, : C(I) > S*(1, 4,) have been considered. They yield splines
satisfying the interpolation conditions

Tﬁ,z(-f; '\‘1) :A/-(-\‘i)g 0 < l< n,
(T4, /) (x)=0, i=0,n.

The two free parameters in a cubic spline interpolant can also be
assigned in other ways (periodic splines, Type IT cubic spline interpolants,
etc.)

In this paper, we will denote as a (special) Gordon operator the Boolean
sum

54,D.: 84,
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or the operator
A\ T.l @\‘ TA,”'

n

From the above representation of S, (f, x) = s,(x), it follows that
Ay SA,,{./[; X, .V)

:% (-\’()s 1) - @ ](»Y) + Z _fl('\‘n ,") : (b,(.\') +% (*\‘»17 1) : (DII1 l('Y)'

-0
Hence, .S, /'is an element of the space

S A,)®CH(J),
and likewise, | .54, maps into

CHH® S, 4,,).

(We note here that, given the (real) linear spaces V, W of univariate

functions, the tensor product V' ® W of bivariate functions is the linear hull

of all product-type functions f{(x)-g(y) with fe VV and ge W.)
Furthermore, the product operator

S S

maps into S*(/, 4,)® CH(J)n C()® S'(J, 4,,), so that
S.@.S, CHUIxJ) 5 SULA)QCHI+ CHN® SN, 4,,).

Analogously,
T ® T, ClIxJ)— SHLANRC(N) + CH® S, 4,,).

Assertions for the degree of approximation of smooth functions by
S, ®.S,, and by T, @ T, were made by several authors; we mention
papers by Gordon [19] and by Carlson and Hall [8], where estimates for
fe C+*(Ix J) were given. Also, Mettke [33] showed that, under certain
assumptions, estimates on simultaneous approximation involving a mixed
modulus -of order (I, 1) are valid. In this paper we shall, among others,
prove a certain extension of the main result of Mettke [33, Satz 1] by
giving more complete estimates for simultaneous approximation in
C""(IxJ) and C(IxJ), respectively, using mixed moduli of smoothness of
higher orders. For r,s € Ny := N u {0} :={1,2,3, ..} u {0}, these
moduli of order (r, s) are given for fe C(Ix J), and 8, 6, =0 by

(Ur..\(.f; 0 1 ()2’

c= sup {1 A5« A SO ) 06 3), (et rhy y 4 shy) e Tx U,

lh| <6, i=1,2]
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Here,

N
Ay A f Z Z | ”<;><6>./(.\‘+ph,,y+o‘hﬂ

p=0 a—0

is a mixed difference of order (r, s) with increment £, with respect to x and
increment A, with respect to y. Several properties of this mixed modulus of
smoothness can be found in Schumaker’s book [44]. For the sake of
completeness we mention here that the mixed modulus of order (1, 1) was
already used in a paper by Munteanu and Schumaker [34], who gave,
among others, inequalities for the approximation by Boolean sums of
variation diminishing spline operators.

2. DEGREE OF SIMULTANEOUS APPROXIMATION BY BOOLEAN SUMS OF
PARAMETRIC EXTENSIONS

In addition to the notations introduced above, we shall also use the
following: The space C”(I) (of univariate functions /') will be equipped with
the norm

1S Wy = max (|| f 2, 0 0<k<pl:;

here | - ||, denotes the Cebysev norm on 1. Clearly, | - [{co,=1 - |, .
If L is a continuous linear operator mapping (C”(I), || - | cn,) into
(C7(D, | - I erqpy), its operator norm will be denoted by || L[ rcrsy, coiryy-

LimMa 2.1 [14]. For p,qeNg, let the space C™(IxJ) be given
as above. Let M:(CUJ) || - |l cuy) = (CYUI), | - leoes)) be linear and
continuous. Under these assumptions, the following two statements hold:

(1) for each fixed veJ and each fe C*(Ix J), the function
Isx—>M(f.,v)eR
is p-times continuously differentiable (with respect 1o x);

(il) for 0<k <p, we have

d k
<5> [x—=M(f.,y)]=[x—>MU(/*N00],
Le.,

D* O M= M-D*" on Cri(IxJ)y  for 0<k<p.
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(i) 4 LACD N o)) = (CUD -l o)) B linear and continuous.
then statements akin to (1) and (1) hold; in particular,

LoDV =pOn s L on CrIxJd)  for 0<I<g.

The main goal of the following theorem is to describe how quantitative
properties of certain univariate operators L and M are inherited by the
Boolean sum of their parametric extensions. It thus supplements results of
a similar nature which were given by Barnhill and Gregory [3] (see also
Schumaker [43], Litvin [29]). The theorem’s form as presented here
constitutes a slight generalization of the corresponding assertion proved in
[14], and 1s the more suitable one for our present purposes. For the
reader’s convenience, we include a proof.

THEOREM 2.2 (cf. [14]). For p, p's g, ¢ € Ny, let linear operators
L:C/(IV— C"(I) and M:C9J)— C¥(J) be given, such that for fixed
r, s€ Ny the following hold.

(i) Hg—Lg)" (XN, (x)-wlg A, ,(x)) for all xel, all
geCMI), and all 0 <k <p* :=min{p, p'}, and

(1) [(h—Mm)" (ST (3 -0 B A () for all veld, all
he C/(J), and all 0 <I<g*:= min{q, ¢'}:

here the Iy and A's are assumed to be bounded real-valued functions. Then
Jorall (x,vYelIxJ, all fe CM(IxJ), and for (0, 0) < (k, ) < (p*, g*), there
holds:

‘(/7 ( \L® \'M)Af‘)(k.” (,\', .V)l
S ()L k) -, (7 A, (x), A ().
Proof. Note that
(= (L@ M) (x, )
=[D" (1= ( L@® M) fix, v
= [ DEOD N (L MY )= (D L= MY )l
By our assumption (i) on L, for 0 <k < p* we have
L), <l g™, +e- 1 g7, <c* 1 glhcnn:
here ¢ and ¢* are suitable numerical constants. Hence
| Lg H('ﬂ*(/) <c* g H('/'mv

so that
L(CPI - (enn)) = (CPD A N ereisy)
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is continuous. Clearly, this is also true if the topology in the range is
replaced by the coarser one induced on C”°() by | - | co;,- Hence

L: (("”(1), H . H(‘r?(/))_’ (Cp*(”~ H . H(“‘(/))C (CO(I), H : H(“’u))
is continuous as well. so that Lemma 2.1 implies

Dt L= _L.pw" for 0</<yq.

Y

Thus

[ DENGDD (= M) — (D (L (= MY DU, )
=[DHOEDCN (= MY = (LUD " (= M), »))-

Now the assumption on the quantitative behavior of the univariate
operator L may be used, since the function in ( ) can be written as a
univariate function of x with parameter y, namely as

e (D0 (1= ML) ()= L™ (= M)} )

Applying D" to the function in ( ) is the same as differentiating the latter
univariate function with respect to x. Hence, by assumption (i), the
quantity which we are interested in is bounded from above by

.
/‘,-.AAL(x)-w,((%) (D" (1\M))(./‘)}‘;A,v_,‘<x)>, 0<k<p*

The #th modulus of smoothness may be replaced by

. dN\” -
[ o o

x*el [o*] <A, (x).
dx )

Next we investigate the latter quantity by using the information available
on M. The absolute value of the rth order difference is equal to

) <1>f'<">t<‘—’>p (DD (1= M) "}(x*w-é*w

ay p dx i

Because

1\ '
<§(> .{(DI(HD (IflM)}(/)}‘ (x)
= (D(O./) - D(p,()}“ (1_ . M))(f’ X, y)

= (D" (I~ M) DVOY(fox. y)

630 62 223
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(where the last equality is a consequence of D" M= M D7), it
follows that the rth order difference may be written as

)

| %
Y (4)/'(')-(1)‘““'\ (I— MY)D7 O x* 4 p-0%, 1)
p

po 0 /
= ’ I3 r ‘/) (p.)
- /720( Y (/’>.§<d1 (D H\*”' o (1)
. (/\/ (p.0) . .
(Y e e

r v /

- () K%) (D) e )
/ [ !

((;) M((D""”_’f')\*,,..(,*;y)}

d\ dy r r ‘
“{5) (=) M (), e )
L)) wCE oo () e )

This difference may now be evaluated by using assumption (ii) on M.
Hence for 0 </< g*, its absolute value is less than or equal to

. / (i o " , '/,_‘\ o1 N
Foaly) o <(I> : Z (—1) (/)) (D' ) poons Ay u(}'))-

p—0

The sth order modulus may be written as

.A“ — 1) (DY « ¥
[ TR

for some y*eJ and a suitable #* such that |y*| <A, (1)
More explicitly. the latter quantity is equal to

(o
p=0 N

= Z (=1 ( )'(D‘”“’.)f')nﬂ,.m(,V*)l

p=0

= Z (—1)° <;> Z (—1) <;)> ADOPNXF 4 p - a*,
0

g = p=0

a=0 p=0

S, (S AL () A ().

Combining the last inequality with the observations made earlier shows the
validity of the theorem. |J
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3. ON UNIVARIATE CUBIC SPLINE INTERPOLATION

There are a number of articles dealing with the rate of convergence of
univariate Type I spline interpolators (When speaking of the convergence
of cubic spline interpolation, one envisions a sequence of meshes 4, such
that the mesh gauges 0 =09, — 0 as n — oc). For the sake of brevity we will
write S, := S, in this section only. The following lemma summarizes
various results; it is taken from papers of Hall [24], Carlson and Hall [8],
and Hall and Meyer [27].

LEMMA 3.1, Let S, be given as above, and p=1, 2,3, or 4. Then for all
fe CP(I), there holds
IS, f=N) L, Seps-0” 501/, 0<k<min{p, 3}

Here || - ||, is the sup norm, and the ¢, , are given by the following table
(B denotes the mesh ratio of 4,))

Epk k=0 k=1 k=2 k=3
p=1 15/4 14 — —
p=2 9/8 4 10 —
p=3 71,216 31,27 5 (63 +847)/9
p=4 5/384 1,24 38 B+pH2

Since S, feC*(I) only, for the case k=3, the above inequality is
intended to express the fact that both the right and left derivatives satisfy
it at the points of discontinuity (see [8]).

Another type of inequality was already given in 1966 by Sharma and
Meir [45] (see also Miiller [35]). Using w,, the first order modulus of
continuity, given for 4 =0 by

w(f;8)=sup {| f(x)—f(x"): | X' —x"| <},

they proved

THEOREM 3.2. For S, as above, the following holds for any fe C*[0, 1]:

”(Srzf—f)[A)H % SS '527 £ '(U](f’”, 5)5 nggz

A certain supplement of the above result is due to Schmidt [42], who
showed that for fe C*[0, 1],

IS, =)0, <(9/4)-0% F-w,(f",0), 0<k<2.
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This result was further supplemented in a paper of Gfrerer [11]. He
showed that for fe C*[0, 1], one also has

IS, /=), S M-, (f",0).

where M is a constant depending only on two positive real numbers K and
g<53- 3+ ) such that for all ne N one has

Ax;jax; < K-g'" O0<ijgn—1.

The aim of the present section is to show that the theorem of Sharma
and Meir can be further extended by using univariate moduli of smoothness
of higher order. For se N, fe C(I), and d 20, these functionals are given
by

o)b\(f;é)::sup{‘z (—1) ( )f(\+\/1)

v=0

X, X+ shel | h| <5}4

For various properties of w,, see Schumaker’s book [44; p. S5ff, and the
references cited therein]. The crucial tool needed to achieve such estimates
is given by the following

LEMMA 3.3 (Gonska [13]). Let I=[0,1] and fe C'(I), re N. For any
de(0, 1] and se N, there exists a function g, ,, € C* (1) with

-~

() /=g N, <cw,, (fF) for 0<j<r.

(>r+\

(i) 18, 0, <co lwlfi6)  for O<j<ris
Here, the constant ¢ depends only on r and s.

The extension of the result of Sharma and Meir is now as follows.

THEOREM 3.4. Let S, be given as above, and let p=1, 2, 3, or & Then for
any fe CP(I) the following inequalities hold.

S, =V, <clp k)-6" % wy (f'7,6), O0<k<min{p,3}.

Here, the constants ¢(p, k) depend only on p and k, and, for k=3, also on
the mesh ratio f.

Proof. Let fe C”(I) and 0 <k <min{p, 3}. For any ge C*(I), we have
”(Snfgf){/\)u x < H( n(/ g f g (A)‘l 7 + H Sng" z (A’H

Using the constants ¢, from Lemma 3.1, the first summand is bounded
from above by

w1 =), e K
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Likewise,
(S, g~ )|, <eqr-ll gM]-6% &
Hence,
1S, F—1) ),
<max (e, eau) 0" HIf=@ L+ T g
For p=4, we can take g =/ to obtain the original inequality

H(Su./._.f)“‘)l‘ Ed <£4.k '(34 k. H.fM)” SR ) ng < 3.

If p <4, it follows from Lemma 3.3(i) [use » =0 and s =4 — p there ] that
there is a function g5, . ,€C* 7(f) such that

1/ = 8oa s Scog (f17,0).

If G; denotes a pth primitive of g, , ,, then Gse CYI) and the latter
inequality becomes

L7 =GP, <c-op (f170).

Furthermore, Lemma 3.3(ii) guarantees that

G, =16yt 7,
=g "I,
<c 60w, A7 0).
Hence,
IS, =),
<max{e, i eaq) 0" HI/=G) L+ TG )
<ce-max e, ey, )07 8
Aoy (f8) 48 P, (S, 5))

=2c-max{e, ieai)-0" Froy J(fV,0),

and thus the inequality is also proved for 1 <p<3. |

Remark 3.5. (1) Because

wa YIS ML, feCt),
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the inequality of Theorem 3.4 expresses the fact that each cubic polynomial
is reproduced by S,,.

(ii) For the case p=2, Theorem 3.4 gives
S, /=1, <e(2 k)07 o f"0) 0<k<2,
which is an improvement of the result of Sharma and Meir [45].
(1) For p=3, we have
1S, = Se3, k)-8 “ro(f,8),  0<k<3

This inequality is a combination of the results of Schmidt and Gfrerer
mentioned earlier (see [42, 117).

(iv) The choice p=4 gives
S, /=", <eld k)0 1 /L, 0<k<3.
In particular, we have for 0 <k <2 that
S, /=", =00" "), -0,

independent of the mesh radio f§. (In the latter cases the constants ¢(4, k) =
2¢ 844, 0<k <2, do not depend on f.)

4. SIMULTANEOUS APPROXIMATION BY GORDON OPERATORS
4.1. Blended Type 1 Spline Interpolators

THEOREM 4.1. Let p=1,2. 3, ord and S, : C"(I)3 [ s,€ C*(I) be the
“clamped spline” operator from Theorem 3.4, ie.,

Hg—5S, )™, <clp.k)-o" "oy (f7.0),
0<k<p*:=min{p, 2  <min{p, 3}
Let g=1,2.3, or 4, and analogously S, : C(J)— C*(J) be given with
Ih= S, WO, <elg, -5 Twy (f9.3),
0</<g*:= min{q. 2} <min{gq, 3},

where & is the mesh gauge of A4,,.
Then we have for (0,0)< (k. Y<(p*, q*) and all fe CT(IxJ)

H (f_ ( \’SA,,®7\'S/_1,,,)f‘)‘kv“ H P
<elp k) clg. D57 FF g (S5, 5)

The proof is a consequence of Theorem 2.2.
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COROLLARY 4.2. (i) For p=g =1, we obtain with 0 <k, <]

H(fA (VSA,,@_\'SA",)Af)‘kv“H7
Sc(l,k)-c(l,1)~51”‘-5"’~w3‘3(f“’“; 3, ).
(1) For p=qg=4, we get for 0 <k, [<2
“(f_ (\SA,,®)'SA,,,)./.)”(J)” .
g“(4’ k)'('(4, 1)'(54 k'$4 e ” _f(4.4]“ .
=0(0* *.5"").8,8-0,

(see Carlson—Hall [ 8, Theorem 271).
4.2. Blended Natural Spline Interpolators

Lemma 4.3 (Hall [25, Corollary 27).  If the natural cubic spline operator
with respect to the partition 4,: x, < --- <X, is denoted by T, , then for all
geCx,, x,] and k=0, 1 there holds

NT,e—g) I, <c-6 “-g"l,
(=c-6% "-wylg", ).

Here, 0 is the mesh gauge of A,, and ¢ is a constant independent of A,,.

In the following theorem we give an inequality on the degree of
simultaneous approximation by Gordon operators based upon the use of
T, . Here, T, is considered as an operator mapping C*(/) into C'(I). C'(])
was chosen as the image space in order to indicate that uniform
simultaneous approximation by blended natural spline interpolators can be
expected only for mixed partials of order (k, [}y < (1, I).

THeoreMm 44. Let T, :C*(I)—> C'(I) be the natural cubic spline
operator from Lemma4.3. Analogously, let T, : C*(J)—> C'(J) be given,
with

W, h=hO), <& 8 0, for [=0.1,

where § is the mesh gauge of A4,,. Then for (0,0)<(k,1)<(1, 1) and all
fe C(IxJ), we have

1= Ty, ® Ty )NV, <c@-6 552 e,

The proof follows from Theorem 2.2.
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5. NUMERICAL APPROXIMATION

This section is concerned with the question of the numerical implementa-
tion of the blending schemes discussed so far, and with the degree of
approximation by discrete blended interpolants (approximants). The general
idea to construct such discrete schemes was already described by Gordon
[19, p.254]: “First into univariate functions and then into scalar
parameters.” 1t was further discussed by Cavendish, Gordon, and Hall
[23,97 and Lancaster [28]. Formally, the approach is as follows:;

let /., u,eZ be such that /. <wu,, and, for [, <j<u,, let 7,: C/(J) >R be
given linear functionals so that for all fe C™9(1x J) the function [/3x —
7,(f)] is in C”(1). If the operator M: C¥(J) > C*(J) (see Theorem 2.2) has
the form

M(f;v)= Z v, he COI) 1 <j<u,.

then its parametric extension .M: C™“(IxJ)— C"*(IxJ) is defined by

1

Mfixoy)=M(fovi= 3 1) -h(p),

jo

where /. denotes the partial functions of f. Hence, in general, .M has
infinite dimensional range.

Using this notation, the parametric extension , S, of the clamped cubic
spline interpolation operator S, discussed dbove is obtained by choosing
{,=—1,u,=m+1, and

Sk j=—1
VAR WARNA 0</j<m
Sv,), j=m+1
Hence, in order to represent . M(f) numerically, it is necessary to find

an approximation of the x-dependence of this function. This can be
achieved by applying an operator L: C™9 (I xJ) — C"-7(Ix J) of the form

Hy

L(f:x,v) Z A7) - g.(x), g.eCr) I <i<u,,

to M(f), where [, i, €7, [ <i ., and where the functionals /,: C7(/) > R
now act on the variable xe/ and are such that for all fe C79(Ix J) the
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function [J3y+s A,(f*)] is in C?(J). The resulting function ( Lo M)/ is
then given by

(.L- M(fmf:Z _Z AT Lf1-8(x) - hy(y),

and is an element of C7" (I x J).

In the case where both L and M are cubic spline operators, L~ M is
their tensor product, a bicubic spline operator. See Mettke [33] for a more
detailed explanation and for further examples.

Recalling that in Section 2 we were considering approximants of the
form L@ .M, it is appropriate to make a note on the relationship
between L and L. Usually the univariate operator L is obtained by
“refining” L in a certain fashion so that L provides much better
approximations to bivariate functions than L does. The corresponding
discretizations M - L are obtained in an analogous way.

The operator P being used for numerical approximation is then given by

P.= ‘,M" \'1‘+ \Z'\‘M* ‘L( V‘VM’

and is sometimes called the discreie (L, M, L, M) blending interpolation
(approximation) operator. For the general technique of “nth order blend-
ing” (in connection with the so-called complete interpolation scheme for
polynomial splines) see, e.g., Baszenski [4]; the above operator P is related
to second order blending.

A fundamental lemma upon which the considerations of this section will
be based was given by Gordon [19, Lemma Al] (see also Hall [26,
Theorem 2, p. 330ff].

LEMmaA 5.1, Let (7, +, Q) be a (not necessarily commutative) ring with
unity I, o = {1, A, B, C, C, ..., }. If one defines the Boolean sum of A, Be ./
by AOB:=A+B—A B, and if A-D=D- A, then

[—(D-A+C-B—A4-B)
=(I-C)+{I-D)+(U—ABB)—-(I-CBBY-(I-A® D).

Proof.  Writing out the right hand side explicitly and observing that
A D= D- A yields the claim of the lemma. |

THEOREM 5.2.  Let univariate operators L and M be given as in Theorem
2.2. Furthermore, let L: C*(IY— C? (1) be given such that

(g—Le) X ()N <T,, f(x)-0,(g'"5 A, (X)),

where I, f(x)< T,y (x), A, p(x)< A, (x) for all xel, all ge C7(I), and
al 0<k<p*=min{p, p'}.
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Also, let M. Ci(J) - CY(J) be such that

h— M ()< T vy -oh' A, 500).

where 1 a(vY<t a(0), A a0y A () for ved, all he CU(J), and
all 0<I<g*=minlq, ¢}

The I''s and A’s are assumed to be bounded real-valued functions. Then for
all (x, vyelxJ and all fe C™9(IxJ), we have for (0,0) < (k, Y < (p*, ¢*):

|ID*O (I~ M L— L M+ Lo M)(fx. y)
ST () -0, oS 70 A, (%), 0)
F 1 )@ (00,4, 4(1)
+ 3L ()L () o, AL (), A ()

Proof. We decompose the difference /- (( M- L+ L M— L M)
as suggested by Lemma 5.1 and apply D*”. This yields the five tcrm
expression '

DR (= Dy+ D%V (I— M)+D%) (I— L® M)
— DW= L@® M)- D" (I~ L® M)
The first term can be further decomposed as
DHI (1= Ly=D%"". DI (1— L)
= DO (g — \1:) D4

Here we have used the fact that for 0 </< ¢ the operators D'"" and L
commute on C™“(IxJ) (see Lemma 2.1). The assumption on L implies

(S0 (= L)(fix.p)]
<L (x) o0 " A, 1(x),0),  0<k<p®
In a similar way, it follows for 0 <k < p that
(D™D = M) S x, )
SEom(p) o0 Jf 50,4, 5(0), 0<I<g®.

The remaining three terms have upper bounds as suggested by
Theorem 2.2. We obtain for (0, 0) < (k, [} < (p*, ¢*) the inequalities

(D0 (= L@ M) f;x. v
<S g lx) r\-‘/. s ) '(”,4_\(,/('("’ 9 A, ,(x), Al ¥)),
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(D" "o (I— L@ M))(f:x, )
ST i) Ty ()0, (f7 5 A, p(x), Ay (1)
<L () Ty () -0, (f175 A, (), A (1),
(DR (I= (L@ M) fi x, 1)
L4 () Ty () -0, (f7 A, () A ()
KL () Ty ag(0) -0, (f7 D5 A, (), A 4 (1))

Combining the five inequalities yields the claim of Theorem 5.2. ||

Remark 5.3. (i) Theorem 5.2 is not given in its most general form. It is,
for instance, possible to assume that L satisfies certain inequalities in terms
of w; instead of w,. Furthermore, assumption such as I, , ((x) <1, ,(x),
etc., were mainly made in order to obtain simple upper bounds of the
differences in question. We note, however, that our simplifying assumptions
do not have a negative impact on the order of convergence in the applica-
tion below.

(i1) Another way to assume compatibility between L and L, and
between M and M, respectively, is to require, for instance, absorption
properties such as L L =L and M- M = M to hold. This approach is quite
typical for the case of spline projectors and was discussed to some extent
in [9, 28].

In the following example, we apply Theorem 5.2 to discrete Type I
(clamped) spline blended interpolation.

ExaMPLE 5.4. For the sake of simplicity, in the sequel, ¢ will always
denote a suitable numerical constant which may be different at different
occurrences, even on the same line.

Let S, : C*(I) > C*(]) be given as in Theorem 3.4, ie., p=1,2,3, or 4,
and

WS4, /= <07 Foy (f7568),  0<k<min{p,3}.
n P

In addition, let § < 1.

Let §, :CYJ)— C*(J) be a second spline operator of the same type
(and thus satisfying an analogous inequality involving the mesh gauge
§<1).

Choose further an operator

5, CP(I)— CX(I)
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with respect to the mesh 4, and mesh gauge ¢°, as well as another operator
S, CHI) - C)

with mesh 4, and gauge §°. Using the notation

Pssi=.8. So+.S, .S, =S, .Sy,
from Theorem 5.2, we arrive at
DS I =Pis) [,
<e- (0% P, ,,_()(‘f'”"/'; 0L 0)+ ¢ (33w, (/(_/'”‘“”; 0,9%)
+c 00 RS Ty pa U0, d),
for (0. 0)< (k, < (min{p, 2}, min{q, 2}).

(i) For p=¢g=1 (hence p*=g*=1) and 6=, the upper bound
from above becomes
¢- (5311 Ay “)3\()(]'11‘“; ()‘25 0)
+e 03 Ny (R0, 67)

+e0t K g (f 0, 0), (0, <k, < (1, 1),
For fe C"'(Ix J), the latter quantity is bounded from above by

(_()‘2 ZAAM‘/'H./)‘}_*_('_()‘I ZI_HI/“(A.I)“+(,.(52 k /“ l'(l.l)‘
:()(02 Zmuxf/\./f)‘ ()_)()

This implies O(37), § — 0, convergence of P, , f to f. However, it does not
imply uniform convergence of either of the derivatives (P, , f)*" to &7
for k=1 or /= 1. Non-quantitative asscrtions of this type are obtained by
referring back to the previous three term expression for the case p=¢g=1:
all three moduli present there tend to zero as é — 0.

Furthermore, for fe C**(Ix J), the upper bound is

¢ _‘52(I Ai.(s(» . H lf'(J./)H ) +¢ .(52(1 e, ()‘(1 . H f‘(/«'.sﬂi‘ ,
+ (,.()‘2 k I_()‘() . H .f'(4A4)“ ,

= Q% Ikl 6—0,0,0)< (k. < (1, 1)

An inspection of the possible cases for &, / shows that any of the three
O(---) terms may be asymptotically dominant.
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(ii) For p=g=4 (hence p* =¢*=2) and § =0, we obtain

H D(k“v (17 P(‘i.()).f“ i
S 0 A B A P et (MR Al
4 _(58 k1 ”./'(4.4\"‘ .

= O(3% Imaxik for 60 and (0,0) < (k1) <{2,2).

This is, of course, the same order of approximation as obtained under (i).
However, now statements for the degree of simultaneous approximation
with respect to D*", 0</<2, and D*?, 0 <k <2, are also available. In
all five cases just mentioned we derive

H DikD - p(w)f I, = 0((54), o —0.

Note that, as far as order i1s concerned, our estimates are similar to the
L, norm inequalities derived in [9, Th. 3] for functions in the Sobolev
space WS+¥(Ix J). It should be noted that they were able to prove a corre-
sponding statement for (0, 0) < (k, /)< (3, 3). However, our estimate from
above is only one particular instance of the much more general approach
described in Theorem 5.2 and of its particular consequence given just
before this example. |

Remark 5.5. Inequalitics analogous to those of Example 5.4 are
available for the discrete version of the blended natural spline interpolation
operator discussed in Section 4.2.
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