Publ. Math. Debrecen
41 / 3—4 (1992), 243-257

On reduced n-cubic spline interpolation
of Hermite type

By MARGIT LENARD (Debrecen)*

1. Introduction

The object of this paper is to construct a continuous spline approx-
imational method on rectangular grid for functions in several variables.
This method is a local one and it will be called reduced n-cubic spline
interpolation of Hermite-type, because it is a special piecewise polynomial
which is cubic polynomial in each variable defined on each rectangle by
prescribing the function values and the values of the first order partial
derivatives at the knots. It is called reduced because we have not as much
conditions for the partial derivatives at the knots as it would be possible
if we generalized the one dimensional case by tensor product (MELKES
[17], DELVOS, POSDORF [8], BASZENSKI, SCHUMAKER [3]). In this case
this polynomial is of degree at most n + 2 instead of 3n on each rectan-
gle, so we need less arithmetic operations to compute its values. We give
a recursive formula to compute the spline function in higher dimensions.
By this recursive formula we prove approximation theorems, which show
that the order of this approximation is the best possible (in the sense of
the Jackson theory for the best approximation by polynomials), depend-
ing on the smoothness of the function. We show that this spline function
minimalizes a special functional which is a possible generalization of the
curvature in two dimensions. We remark, that for n = 2 this spline is
the so-called ADINI element on each subrectangle (GORDON [10], LAN-
CASTER, WATKINS [13], MELKES [17]).

Various multidimensional spline approximational methods have been
worked out, for references see the monumental bibliography by FRANKE,
SCHUMAKER [9] and CHUI, SCHUMAKER, UTRERAS (EDS) [7]. To gen-
eralize the one dimensional methods on rectangular grid the most useful
methods are the tensor product methods (BASZENSKI, SCHUMAKER [3])
and the blending methods (BAszZENSKI, DELVOS, POSDORF [2]). For fur-
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ther details on spline approximation see e.g. AHLBERG, NILSON, WALSH
[1], DE BOOR [5], KORNEICHUK [12], SCHUMAKER [20], STECKIN, SUB-
BOTIN[21], ZAvIALOV, KVASOV, MIROSHNICENKO [22], etc.

A similar construction of reduced n-quadratic spline interpolation of
Hermite-type can be found in [15]. As possible applications of these re-
duced n-cubic and n-quadratic spline interpolations we mention the mul-
tiple quadrature formulas ([16]) and the approximate solution of partial
differential equations ([4], [15]).

2. Notations

In what follows R,7Z and N denote the set of reals, the set of integers
and the set of the natural numbers (including zero). For any vector x in R™
we denote its j-th component by (x); = z;, that is x = (z1,22,...,2y).
Addition, multiplication and inequality between vectors will be defined
componentwise and elsewhere for x € R™ we use the Euclidean norm

n
1
Ixl = (3 a2)%,

j=1

n
x| = lal.
j=1

and let

If a,b € R", then let
[a,b]={x e R":a<x <b}

and

a®=[[(a)" (beZ j=1,...,n),
j=1

where 0° = 1. The zero vector will be denoted by 0, furthere = (1,1,...,1)
and e; denotes the vector whose j-th coordinate equals to 1, the others
being zero (j = 1,2,...,n). The modulus of continuity of the function
u : R™ — R will be denoted by w(d;u), that is

w(d; u) = SUpy gefa p) [u(t) — u(t)],
e~ <d

where d denotes the (Euclidean) diameter of the set, on which the os-
cillation of w is considered. The differential operators for multivariable
functions will be denoted as usual by

a1 Qa2 Qp
071052 ... oom.

or by
Da — Dal,ag,...,an.
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3. Construction of the spline function

Let {ti};cz» be an equidistant subdivision of R™ with h = (hy, ha,
<o oohy), that is (tiye, — i), = hj. Let {ui};c. and (WY} ey G =
1,2,...,n) be given systems of real numbers. Let d = ||h| denote the
diameter corresponding to this subdivision.

For all t € [t;, ti1e] we define

(n Si(t) =Y At — to)k,

keK

where K is the set of all n-dimensional multi-indices k (0 < k < 3e)
satisfying the following condition: if k; = 2 or k; = 3 for any j, then
ki < 1 for all I # j; that is, S; is a special polynomial of degree at most
n + 2, which is cubic polynomial in each variable. Further the unknown

coefficients Ai(k) are to be chosen satisfying the conditions

@ Si(tix1) = witr, 0<1<e,
2)n o ,
0;8i(tip) = Ui(+]1)a j=1...,n

The number of the coeflicients Ai(k) is equal to the number of the
conditions (equations) and it is 2" (n + 1).

Lemma 1. There exist unique constants Ai(k) such that the functions
S; of form (1),, satisty (2),.

PROOF. We show by induction with respect to the dimension n, that

the coeflicients Ai(k) are uniquely determined by conditions (2),. If n =1,
then then the polynomial (1); is the Hermite interpolational cubic poly-
nomial satisfying the prescribed conditions. In the n + 1-dimensional case

it follows by induction, that all those coefficients Ai(k) are uniquely deter-
mined, where k has at least one zero coordinate. For the remaining 2n + 1
coefficients

Ai(k) (k=e,e+e,...,e+e,,e+2e,...e+2e,)
we have the following system of linear equations
Si(tite) = Uite,
9;Si(tive) = uis) (G =1,...,n),
0,5 (tiyeo,) = ufS) (j=1,....n).

ite—ej;
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By elementary transformations the matrix of this linear system can be
reduced to the following one:

11 1 11 1 1
1 2 1 1 3 1 1
11 2 1 1 3 1
11 1 2 1 1 3
1 0 1 1 0 1 1
110 110 1
111 ... 011 ... 0

which is of order 2n + 1. It is easy to see that this matrix is regular, hence
the existence and uniqueness are proved.

For instance, in the two dimensional case, the function S; ; satisfying
the conditions (1)2-(2)2 can be expressed as follows: for all x € [z;, z;41]
and y € [y;, Y;+1]

Si,j (:Ev y) =
= (1= 5){61 (s + do(uiyry + s (Ohul;” + sa®hulld)} +
+ {1 (t)uijy1 + d2(t)uir1j11 + ¢3(t )huglg% + ¢ult )hug—lf—?)ﬁ-l} +
+ (1 —s)s?
i e —ua =1 ) (U=t + (i e —wigpn —lul Ot}
+ (1—-s)(s—1)s-
A =iy = WY1 = 1)+ (Wi g — vy — L)),

where

¢i(t) = (L—t1)*(1+2t),  ¢a(t) = t7(3 - 2t),
¢3(t) = t(1 - t)?, ¢a(t) = —t*(1 - 1),

and we have used the notations h = z; 11 —x;, | = y;41—y;, t = (x—x;)/h
and s = (y — y,) /I

We remark that S; ;(x,y) is the so called ADINI element (see e.g. [8],
13 07 i »

Using this formula we need only 22 multiplicative and 34 additive
operations to compute the value of S; ;(z,y) [14].

For comparison purposes, if we use the tensor-product interpolant
which not only the first order partial derivatives but also the mixed second
order partial derivatives at the knots (this is the generalization of the one
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dimensional case by direct product), then we need 34 multiplicative and
22 additive operations [22].

More generally, it is easy to see by the uniqueness part of Lemma 1,

that the n 4+ 1-dimensional function Si(nﬂ) can be expressed with the help
S_(nJrl)
1

of the n-dimensional as follows:

Si(n—‘rl)(tl’ st 7tn)t7’b+1) =

=01 ST (b t) + (L= vpg) S (b, )+

itept1

n
2 E : (en+1)
+(1 — Un+1)’()n+1 H U}] [ui+1+en+1 — Uj41 — hn+1ui+7ll+en+1] +

0<I<e j=1
ln+1=0
n
+(1 — vpt1) (Vg1 — Dvpta Z H W; [Uig1ten,, — Uidl — hn+1ui(i7{“)],
0<lI<e j=1
lnt1=0
where
t): — (%) (R it ;=1
GV T SN
hj l—Uj, if ZJZO
for j=1,2,...,n,n+ 1. In what follows, we shall call this formula as the

recursive formula of the n-cubic spline function.

Now we define the n-cubic spline function S (corresponding to the
knots {t;} and the systems {u;} and {ui(ej)}) on R™: for all t € [t;, tite)
let
3)n S(t) = Si(t).

Theorem 2. The n-cubic spline function S defined by (1),-(3), is
continuous.

PRrROOF. The statement follows by induction from the uniqueness part
of Lemma 1.

In the theory of spline approximation it is well-known that spline
functions of different kinds minimize special functionals. For example,
the classical cubic spline has minimal curvature ([11]), it minimizes the
functional

b
;- / ()2t

on the class of functions which are twice differentiable on [a, b], interpo-
late at the knots and satisfy some boundary conditions. There are more
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possibilities to generalize this functional in more dimensional case. Let us
consider the following functional in the two dimensional case ([22])

b pd
:/ / [D*2u(z,y)2dedy+
+Z /DO2 u(w;,y dy—i—zo_ / [D*%u(z, y;)|*dx,
j

where p; (1 = 0,...,N), 0; (j = 0,...,M) are positive constants and
we divided the interval [a,b] into N, and the interval [c,d] into M equal
subintervals. Let M denote the class of all periodic functions v which have
continuous partial derivatives d7u, d5u, 010ou on all open subrectangles
and their partial derivatives up to the second order can be extended on the
closed subrectangles. For the sake of the unique definition of the partial
derivatives let 9985 u(z,y) be the value of the partial derivative of u at
the point (z,y) € [, zi11) X [yj,yj+1). Further let us assume that all
functions u € M satisfy the following conditions:

w(xi, y;) = Ui g,
drulzi,y;) = ul5”,
(0,1)

Dou (s, yj) Ui g

fort=0,...,N,j7=0,...,M, and for the periodicity

u(()a]’m—ug\?’f), j=0,....M

uly? =ul%), i=0,... N

Y

It is obviously that the for the n-cubic spline function satisfies S € M.

Theorem 3. The n-cubic spline function S defined by (1) — (3)2
minimizes the functional

b pd
=/ / [D*?u(z,y)]*dedy+
+Z /D02 u(z;,y dy—i-za / [D*%u(z,y;)]dx
j

on the class M, that is
J(u) > J(S5) for all ue M,
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where p; (i=0,...,N), 0; (j=0,...,M) are positive constants.

PROOF. Let u € M be arbitrary and S be n-cubic spline function
defined by (1)2 — (3)2. Then

N M
1 1=
Ju—8)=J(u)—J(S)— 2(IA + Z —I; + Z *Ij)’
im0 i i=0 %7
where
b pd
= [ [ D*(ulay) - Sta)D* () dody
d
= [t St

b
i —/ D> [u(x, y;) — S(w,y;)] D> S(x, y;)dx.

Hence A,E2j’2) = 0 for all 7,5, so D>2S(x,y) = 0 on all rectanglar, and it

follows IA7 =0.
By partial integration we have:

M=1 - ryjin
Ii = Z / DO’Q[U('Iiay) _S(xlay)]Do’QS(x“y)dy =
j=0 “Yi

M-1
= Z {Do’l[u(%,yjﬂ) — S(x4,yj31)] D" S (i, yj41) —

0
Do’l[u<mi7 yj) - S(xla yj)]DOQS(x’HyJ) -

— [ DOMulwi,y) — Syl (ri)dy | =

= — cj(@i) [u(zi,y) — S(xi,y)]]zjﬂ _o,

because the spline function .S is a piecewise cubic polinomial in each vari-
able, that is, D%3S(x;,y) = ¢;j(x;). We get similarly, that I; = 0 for all j.
Finally,

J(u—8)=J(u)—J(9),

that is
J(u)=J(S)+ J(u—->5),

where J(u —S) >0, so J(u) > J(S), which was to be proved.
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4. Approximation properties of the spline function

Let u : R® — R be a function having first order partial derivatives
with respect to each variable. We define for alli € Z™ and j =1,2,...,n

(4)n Ui = U(ti)
and
(5)n ul®) = ju(t;).

In the following theorems we study the approximating properties of
this n-cubic spline function (defined by the conditions (1),, — (5), ) de-
pending on the smoothness of the function u. Although this n-cubic spline
function S is only continuous, by defining (uniquely) its first order partial
derivatives, for example

8k8(t) :8kSi(t) t e [ti,tpre], (t)j 75 (ti)j—l-hj (] = 1,...7n),
respectively
8k818(t) = 8;@5}(’5) t e [tiati—i-e], (t)j 75 (ti)j + hj (] =1,... ,n),
the spline function approximates not only the function u but also its partial
derivatives.
Lemma 4. Let f : R — R be differentiable function and for t €
[ti, ti+1] let
(6)  Si(t) = d1(v)f(t:) + P2(v) f(tir1) + @3 ()RS (t:) + da(v)f' (tis1),

where

P1(v) = (1 —v)?(1 + 20), P2 (v) = v*(3 — 2v),
¢3(v) = v(1 - v)?, ¢a(v) = —v*(1 - v),
and h = tiv1 —ti, v = (t — tz)/h Iff S Cl(R), then
£(6) = Si(0)| < Sho(h ),
7/(0) = S1(0)] < Sl 1),

7(6) = Si(0)| < (i £)
| f'(t) = Si(t)] < 0.12375hw(h; ),
4

1) = S0 < ks £7)
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for all t € [t;,tit1]-
PROOF. See e.g. [22] Theorem 5 in Chapter 2.

Theorem 5. Let u : R™ — R be continuously differentiable. Then the
n-cubic spline function S defined by the conditions (1),-(5),, satisfies

u(t) = S < 5 D hyeld: dyu),

=1
and

|Oku(t) — Ok S(t)] < nw(d; dku) + 2h Zh w(d; 0ju)

for allt € R™ and k = 1,2,...,n, where d is the diameter of the subdivi-
sion.

PrROOF. We prove this statement by induction on the dimension, the
case of n = 1 is true by the previous lemma. Let us suppose, that the

statement is true for n and now let us see the case of R*"t1. Let t €
[ti, tite], then by induction and the Lagrange theorem we have

[u(t) = S()] = Jults, .. o, togr) = SU T (0, b tegn)| <
< Un+1|u(t1> s 7tn7 (ti+e)n+1) Sl(—tzen+1 (tla ce 7tn)|+

(L= o)ty oty (65),00) = ST (fy )|+
+ |Un+l[u(tl7 e 7tn)tn+1) - U(t]_, o ,tn, (ti+e)n+1)]+
+ (1 — vn+1)[u(t1, .. ,tn,tn+1) — u(tl, ey ln, (ti)n+1)]’+

+ hpg1(1 = Vpg1)Vng1 Z H wj -

0<l<e j=1

ln+1:0
) {vn+1|(3n+1u(t1, sty Ong1) — ufiliie)nﬂ I+
_ (1 — Un-i-l)‘an-i—lu(tl, .. tn, 9n+1 Ei1i+l)|} <

1 n
=3 ; hjew(d; Oju) + +(1 = vnt1)Uns1hnr -
c|Oprrulty, .yt Ent1) — Onaru(te, ooy tny Vgt |+

+ (1 - Un+1)vn+1hn+1w(d; anJrlu) Z H Wy <

0<l<e j=1
ln+1=0
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1< 1 1

5 Z hjw(d; 0ju) + th_lw(d; Ont1u) + Zhn+1w(d; Ony1u) =
j=1
n+1

thwdau

where (ti),.1 < &nt1s Unt1,0nt1 < (bite)ni1, ti < t < tiyo. Here we
used the simple identity

2. H w; = 1.
0<I<e j=1
ln+1 0

The respective statement for the derivatives can be proved similarly,

and without loss of generality we prove only the case k = 1. Let t €
[ti, tite], then by induction and by the definition of the modulus of conti-
nuity we have

|01 u(t)
— |01ty . tnytnga) — 008U T (b, b tagr)] <

Vnp1|Oru(ty, .ty (bive) ) — O1SiTL +1(751, ot +

A

- 815@)’ =

+ (1_Un+1)|81u(t1>'"7tn7(ti)n+1) a15 (tlvatn)| +
+ Ung1|Orulty, .. tng1) — Orulty, . . b, (bige)y)| +
+ (1 — Un+1)|81u(t1, . tn,tn+1) — 81u(t1, ceaytn, (ti)n+1)| +

+ (1 — Un+1 Un—i—lhn—i-l Z H Wj7— hl

0<I<e =
ln+1 0
. {Un-‘,-l |a’n+1u(t17 e 79n+1) - ul(iq—té)yl+1‘ +

(en+1)

+ (11— Un-l—l)‘an-l-lu(tlv"‘ Ont1) — w1} <

< nw(d; Ou) + Zh w(d; Oju) + w(d; O1u) +

+ (1 — Un+1 Un+1hn+1 Z ijh d &H_lu) <

0<I<e j=2
ln+1 0
11=0
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< nw(d; Ou) + Zh]w (d; 0ju) + w(d; 01u) + };nhtlw(d; Opy1u) =

n+1
= (n+ 1)w(d; 01u) + 2}11 Zhwd@u)

which is our statement.

Theorem 6. Let u : R® — R be twice continuously differentiable.
Then the n-cubic spline function S defined by the conditions (1),-(5),
satisties

lu(t) t)) < - Ziﬂ (d; OFu)

w(d; &7u)

:“Mm

Opu(t) — xS (H)] < Z hjw(d; Oy,0;u)
j=1

[ORu(t) = RS(H)| < (n + 1w(d; Fu),

o

oo\»—l

and

|OkOu(t) — 8:8,S(t)] < (n + ) (d; 0 Ou) + wa d; O0;u)

J#k

forallt € R™ and k,l = 1,2,...,n, where d is the diameter corresponding
to the subdivision.

ProoF. Now we apply induction again with respect to the dimension.
The case n = 1 follows from the Lemma 4. In the n + 1 dimensional case
let t € [t;, tite], then by induction and by the second order Taylor-formula
we have

u(t) — S(6)] = |ults, . tns tngr) — STVt oty togr)| <
< vnpaluty, ot (bige)ppy) = Syl | (b t)| +
+ (]- - Un+1)|u(tla o 7tna (ti)n+1) - Sl(n)(tla s 7tn)|+

+ Un—i—l[u(tl, <o 7tn7 tn-l—l) - u(tla v atnv (ti-l-e)n-l,-l)] +

+ (L= vng)[ults, s tostngr) —ults, b, (1) ,00)] +

+ (1 - Un+1 Un+1 E Hw] :
0<I<e j=1
lpt+1=0




254 Margit Lénard

(en+1)
: {Un+1 [Uit1te,,n — Wit — hn+1ul+1+en+l]

—+ (/U’n+1 — ].) |:Ui+1+en+l — Uj41 — hn+1u1(<ekrll+1)j| }‘ <

Zh2 (d; 9?u)
+ (1 - UnJrl)UnJrlthrl anJrlu(tla ey by, (ti)n+1) +

1
+ §hn+1vn+15§+1u(t1, coostny §ug1) = Onpaults, b, (bive)nt1) +

1
+ ithrl(l - vn+1)8721+1u(t17 N r‘9n+1) +

n 1 - _
+ Z Hwa‘§hn+1{vn+13¢2¢+1u(tl)+(1—Un+1)5721+1u(t1)} <
0<l<e j=1
ln+1=0

< thQ (d; 02u) + (1 = Ung1)Vng1hp 41

1 _
. '233+1u(t1,...,tn,6n+1)—83+1u(t1,...,tn,9n+1)+

0<1<e =
lny1=0

th2 (d; 92u)

+ (- Un+1)”n+1hi+1|872z+1u(i) - 8721+1u(t17 coestny O] <

.
Z w(d; O2u)

| A

IA
»b\»a

Where §n+1 ) 197’L+17 9n+17 07L+1 S (tn+1 9 tn+1 + hn+1)7 t’l) t17 t7 tl S [ti7 t’i+e}7
and so we’ve proved the first statement. For the partial derivatives (with-
out loss of generality we prove in order to the first variable) we get the
following estimates:

Dru(t) — 01S(t)] = [Oru(ty, ... tustusr) — STV (b, oty tosn)| <
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<Ups1|Orults, .t (bive)nsr) — O1S{TL, +l(tl,...,tn)y +

+ (1 _Un+1)|81u(t17--'7tn7(ti)n+1) 8I‘S’ (tlvatn)| +
+ vpg1(1 — vpgr) -
Ppg1]010ns1u(ty, .o tn, Eng1) — O10ng1u(ty, ... by, Ong1)| +

+ (1 = vpg1)vn41 Z H wj 27;;1 ‘

0<I<e j=
ln+1 0
11=0
A w0 yu(ty) - n—i—lu( DI+ (1= 1) 107y u(t) — 05 qu(t)]} <
1 n n 2 )
SZZhjw(d;aka u Z—w (d; O5u

=1
2

1 h:,
+ Zhn+1W(d; 010n41u) + w(d; 82 1),

8h1

for some £n+1,9n+1,f1,’§1,51,ﬁ. For the second order partial derivatives
we have the following estimates:

|0%u(t)— 925 (t)] = |0%ulty, ... tnstnsr) — O2S T (b, oty tngr)] <
< g |OFulty, st (bire)yy) — OFSHHe, | (t1, o tn)| +
+ (1= v ) [0Fultr, 8, tn, (65), 1) — O2SS (b1, )] +
+ U |0fulty, sty ) = Ofulty, oty (bige )y +
+ (1= v 1)|0%u(tys, . . tny tnsr) — ults, ... tn, (t)ns1)| <
< (n+ Dw(d; 0fu) + w(d; Ou) = (n + 2)w(d; O7u).

Finally, for the second order mixed partial derivatives we prove the state-
ment first in the case n = 2. Substituting the following derivatives

PL(t) = —6t(1 —1t),  d5(t) = 6t(1 —1),
Py(t) =312 —4t +1, ¢4(t) = 3t* — 2,
we have

|0102u(x, y) — 01025, ;(x, y)’ =

= ‘8182’11(33, y) + (6t2—6t)

1
L AL g g+ (—1+4t— 37:2)7

(1,0) (1,0)
i ( i+l T Wi g )+
1,0 1,0
+ (2t 3t2) i (u z(+1)3+1 - “z('+1,)j) +
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0,1 0,1
+ (25 — 382)[hZA1 1Uw h( z(+1)y+1 “§7j+)1)} +
1, (01 0,1
+ (—14+4s—3s )[ Aty — *(UEH,)J' - “EJ ))” <
hl hl
1
<|0102u(z,y) — HAMU%‘J +
1,0 1,0
+ |3t — 4t + 1 Al Hug g — j(“(,ﬁ)l up; )+
1,0 1,0
+ |3t? — QtHfAl’luij 7( §+1)J+1 z(+1)g)’ +
0,1 0,1
+ [2s — 332” Al luw - h( §+1,)]+1 £J+)1 ’+
1

+ |—1+4s—332H L AL Tl j — (0.1) —u(m))‘ <

nl (ui-&-l,j 0]

Now we suppose that the statement is true f or n and by induction and
by the recursive formula (without loss of generality) we prove the case
k=1,1=2:

|0102u(t) — 01025(t)| =
= [0102u(ty, .. tpytng1) — 818251(71“)( Sl tngr)] <

SUng1]0102u(ts, ..o b, (bive)pgy) — 813251(22% o (et +

+ (1= 0 g2)[ 01020ty -y (80),41) — 01028 (b1, )|+
+ vn+1]8102u(t1, ey ln, tn+1) — 6182u(t1, ey bn, (ti+e)n+1)| +
+ (1 — vn+1)|8182u(t1, ceaytn, tn+1) — 8182u(t1, ey tn, (ti)n+1)| +

Ry, "
+ (1 — vpg1)Vnt1 + Z Hwﬂw(d; 010n4+1u) <

h
2 p<i<e j=3
11=0,l2=0

1<~ hj
< (n+ ) (d; 0102u) + §Z#w(d;alaju)+
P 2

1 hn—l—l
ha
and this proves our last statement.

+ w(d alagu)

w(d; 010p4+11u),
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