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Multivariate Spline Functions. .
Construction, Properties and Computation

D. W. ARTHUR

Applied Mathematics, University of Edinburgh, Edinburgh, Scotland
Communicated by C. W. Clenshaw

A construction is given which allows the Hilbert space treatment of spline
functions to be applied to the case of more than one variable, when the basic
operator is a linear partial differential one. The particular case of the tensor
product polynomial spline in two variables is then studied using a reproducing
kernel, and its main properties, including the minimization ones, are deduced.
A stable computational method is then given for this spline function, with certain
point evaluation functionals. Finally, extensions are discussed, for more general
linear functionals, for more general differential operators, and for more than two
variables.

1. INTRODUCTION

The theory of spline functions in one variable is a well-understood one.
There are difficulties in extending the results to more variables, not the least
of which is the question; What is the “natural” extension? The major mathe-
matical difficulty is that the operators involved, being partial differential
operators, do not have a finite dimensional null-space. This prohibits
application of the general theory of Atteia [3], and Anselone and Laurent [1]
to define and determine the properties of multivariate spline functions.

In Section 2 we remove this obstacle by attaching further operators to the
operator, by a construction similar to that used by Atteia [4] in a different
context. This enables the general theory mentioned above to be invoked
to define multivariate splines.

The most fruitful results are obtainable for “tensor product” splines,
defined in n-dimensional rectangles. We shall restrict ourselves to this case
from Section 3 onwards; and also, for simplicity, we shall deal only with the
two-variable polynomial case. Extensions to more variables and to splines
defined by other operators will be discussed in Section 7.

The main tool used in proving the properties of these splines is a repro-
ducing kernel, which we prove the existence of, and indeed construct, in
Section 3. Our spline functions are then constructed in Section 4, and their
principal properties shown in Section 5.
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A computational method for these spline functions is given in Section 6.
It is based on the one-variable method of Greville [6, 7].

Notation. We shall, throughout this paper, use the notation, for partial
derivatives;

X Voiaxd
Fe, ) = g e ). (L.1)

2. DEFINITION OF MULTIVARIATE SPLINE FUNCTIONS

Let L be a linear partial differential operator in m variables xy ,..., X, ;
of order «; in x; ; defined in a closed region [". Let M;, i = 1,..., u be linear
differential operators of order at most «; in x; ; defined on a subset I; of
of dimension less than m.

Let H be the Hilbert Space containing functions £, defined in I', which are
continuously differentiable o; — 1 times in x; for all 7, have their derivative
of order «; — 1 in x; for all i absolutely continuous, and that of order «;
in x; for all { in F(I"), the usual Lebesgue space. Let the scalar product be

a;—1 am—1 ap1+-'-+pm DyFre ot Doy
e = % - &) g
plz:=0 me"‘:O 5x{’1 von axﬂzm ax:i?l see OX;;m

2.1)

+§LMﬂm+LM%

where g = (2z; ,..., Zn) € 1.
We assume that {M,} is minimal; and, if N is the set of e H such that

If =0,
(2.2)
Mf=0, i=1..,p

that NV has finite dimension g. Note that this latter assumption will mean that
the M, must contain operators whose domains are of every dimension less
than m (dimension 0, viz. evaluation at a point, is not necessary, but is not
prohibited).

Suppose a set, A, of n continuous linear functionals, A;, i = 1,..., n are
defined on H, with representers k; € H. Assume that they are linearly inde-
pendent and span a subspace K C H.
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Assume
@ nz=q, (2.3)
(i1) K+n N = {0}. 2.4

These assumptions allow us to define a unique spline function.
Define

Z = Z(I") x LI X - X L), 2.5
where, if I'; has dimension 0, we interpret it as R.
If
Z; = (f;.fl 7---’.ﬁ4): fE %(F% f; € %(I’z)y
and

Zy = (ga 81 5eees gu): ge %(I‘)’ & € %(rz)n
then define

(21, 29)z = Lfg + i Pi frfz & ps > 0. (2.6)

This form is a scalar product for Z, making it a Hilbert Space.
Define a map 7 from H into Z by

Tf = (Lf, Myfo, M, f)eZ  forall fe H. @.7)

Then T'is linear and continuous from H onto U = TH and has null-space N.
Define r = (ry, 75 ,..., ¥,) € E®, and

Ury={feH;k;, g =r,i=1,.,n} (2.8)

Then, following Atteia [3] and Anselone and Laurent [1], we define an
interpolating spline function, s(xq ,..., X,,) for r w.r.t. L and the M;, as any
element of U(r) such that

| Tsllz = min || Tf||z - 2.9)
feUlr)

The theory of the two papers quoted can now be invoked, not only to
prove existence and uniqueness of s, but also its main properties and a
method of construction.

In what follows, however, we shall examine a particular type of spline
function, the polynomial spline function in two variables, defined in a
rectangle in E2. This spline has important applications, and our method of
approach and construction will yield more practical results than that referred
to above, although we shall use the definition embodied in (2.9).
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3. A RepPRODUCING KERNEL FOR POLYNOMIAL SPLINE FUNCTIONS

Let us fix our attention on the case

L = (em+njexmaym), 3.1)
am .
Mi - W v, 5 1= 1,..., A,
. G.2)
My = B sy’ P=1,.,m,

where {x,};., and { y]-};;l are distinct points in [a, 2] and [c, 4], respectively.
We choose as scalar product for H the form (similar to (2.1)),

()= 3 vy e 3+ 3 [ St ) s 3
o - (3.3)

+ 3 [ ) g v+ [ [ furt gty

i=1 "¢
The nuli-space we are concerned with is now
m—~1 n—1

fG H: f(x7 y) = Z z Bl-jxiyj, Bij constant

i=0 j=0

N =

, (3.4)

which is of finite dimension mn.

Our construction requires a reproducing kernel. The idea of using such a
kernel in spline function theory originates with de Boor and Lynch [5]. If &
is a Hilbert space of functions, then K is a reproducing kernel if K(-, yy e H
for all fixed y, and

= (K(x, ), f(x), for aill fe H. (3.5

K then has the property that if A is a linear functional on H, then A is bounded
if and only if ¢ € H, where

¢ = AK(., p). (3.6)
¢ is then the representer of A.
Following de Boor and Lynch, define

m

X — X; . £ "

cdx) = _— i=1,..,m, 3.7

(x) IJI P (3.1
g0

d](y) — H L&- s J = 15---9 n, (38>

1 Yi— Vs

#5

o,

®
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g(x, 5) = _(.(__)%—,— Z (xz - {;"— (), (3.9)
n—1 _ an-1
R e z &=t a0, (3.10)
where
z if z>=0,
“% 00 if z<o. (.11)
Also, define
Ko 9) = 3 c9ail0) + gy [ox — 9

(x; — x)T" ey(x)ei(s)

(g E;
M

+

1 j=1

oy
Il

.
Il

= 3 — T es) + (e — ], B12)
g=1

with a similar expression for Ky(, t), and
K(x, 53y, 1) = Ki(x, 5) Ky(p, 1). (3.13)

We now have

Tueorem 3.1. H, with scalar product (3.3), is a Hilbert space, with
reproducing kernel K given by (3.13).

Proof. 'This is proved in a similar way to the result in de Boor and Lynch.
It is first shown (details omitted) that the Lagrangian formula

f&x,p) = Z Z () f (xe» ¥2) + Z ci(x) f h(y, ) fu%(x; , 1) dt

=1 j=1
+ 3 d0) [ n )i 3 ds
+ [ [ &, ) by, 0fn(s, 1) di s, (3.14)

holds true in H. This formula allows us to show that H is a Hilbert space with
scalar product (3.3).
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It is then shown that K has properties:
K(,s; -, t)e H, (3.15)
f=(K&, 5 ) 00 (3.16)

i.e., it is a reproducing kernel for H.

COROLLARY 3.2. The linear functional A, where

M=fEn), §fclabl, neled, (3.17)
is bounded.

Proof. 1t is easily seen that
¢ =K(, &, eH,

which proves A is bounded, with representer ¢.

4. CONSTRUCTION OF POLYNOMIAL SPLINES

‘We choose the linear functionals in Section 2 to be those defining point
evaluation at (x;, y;) for i = 1,..., k and j = 1,..., [, where all the x; lie in
[a, b] and all the y; in [c, d]. We assume that the x; and y; used already in
(3.2) coincide with the corresponding ones in {xz}%l and { yg}y_l We thereby
assume that k& > m and ! > n, which implies that the number of linear
functionals, &/, is greater than or equal to the dimension of N, mn, as required
in (2.4).

Let

kif(x, y) = K(x, x; ; ¥, i), i=1,.,k, j=1,..1 4.0

and deﬁne the subspace, S, of H to be that spanned by the functions
{kz,}z_1 i1 - S has dimension k/, and so we can fix functions in § by imposing
the interpolation conditions

/‘\ijS = S(x,i N y,) = Fij, i= 1,..., k, j == 1,..., L (4.2}
Let Pg be the orthogonal projection of H onto S, ie., Pgf is the best
approximation to f by an element in S with respect to the norm in H.
TueoreM 4.1.  Pgf is the spline function defined in Section 2.

Proof.
(Psf, h) = (Psf, Psh) == (f, Psh), forall f, he H (4.3

WAIR = [1f— PsfI* + 1 PsfIP,  foralifeH. (4.4)
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Define
we ={hthe H, \h = N;f, i = L., k;j = 1,.., 1} (4.5
Substitute 4 = k;; in (4.3) to.give
Ai(Psf) = Aif, for all fe H, (4.6)

and so Pgf is the unique element in S interpolating to f with respect to
{Aij}i'c;ll, j=1-+ Thus,

Psh = Pgf, forallhew,, 4.7)
and so

| Psfll <||k|  forallhew,, 4.8)

with equality if and only if & = Pgf.
This shows that Pgf minimizes

> [ ey + 3 [ e ey + [ [ i 2y

. 4.9
ie.,

é f: (Mhy2 dx + é fcd (M, ah)? dy -+ Lb f; (Lhy dy dx,  (4.10)

subject to constraints (4.2), where Ayh = ry = Ayfs i = L., k; j=1,..., I
This i8 precisely how the spline function was defined in Section 2 (we have
chosen p; = 1 for all 7).

COROLLARY 4.2. S is the set of all such spline functions.

5. PROPERTIES OF POLYNOMIAL SPLINES

Consider k;; , one of the basis for S. (4.1) and (3.13) tell us that
ki(x, y) = Ki(x, x;) Koy, ¥9)s (5.1)

and hence we can readily deduce properties of k;; , and hence of all members
of S, from the properties of K, (x, x;). This latter function, in fact, has the
form of a one-variable spline function. In particular, K, is a polynomial of
degree at most 2m — 1 in each interval [x,, x,.4], p = 1,..., K — 1, it has
continuous derivatives up to and including order 2m — 2, and is a polynomial
of degree at most m — 1 in [a, x;] and [x; , b].

These properties tell us that our two-variable splinie s(x, ¥) has the form
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of a double polynomial

2m~1 2n—1
oyl
Y X M X 5.2)
i=0 j=0
by 4 [ p— - T T
in each rectangle [x;, X, 4] X [y, b i=lL.,k—1Lj=1,.,/— 11t

has continuous derivatives up to and including that of order 2m — 2 in x

and 2n — 2 in y. Eﬂor1 x¢ [1x1 , Xi), the form is 35, Z?"{l 7%y, and for
vy, il itis X, ‘Z i—o MuX'yl. These latter conditions are equivalent to

omtig

WZO’ for x <x; or x>x,, yelc dl,
i=0,1,.,m—1, (5.3a)

a'n+7‘s

—a—yn—H=0, for y<y, or y>y, xelab]

j=0,1,.,n—1 (5.35)

Further analysis of this case will be found in Section 6, when computation
is considered.

There are two minimization properties of these spline functions which we
prove using the methods of de Boor and Lynch [5].

THEOREM 5.1. For given fe H, of all §€ 8, the interpolating function in
the sense of (4.2), s, has the property that

‘z [ G v = smto pyp e+ 5 [ (303, )

i=1"¢

— e,y + [ (intn, ) — G ) dy

2 f (e, 9) — s,y dx 4+ 3, [ (70051, 9)

i1vec

— 5.0, )y + | ’ ) P im(x, y) — sam(x, )2 dy d,

(5.4)
with equality if and only if
m—1 a—1
s =5+t where f(x, ¥) = Y. Y muxy, for some my;. (5.5)
i=0 j=0

640/12[4~7
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Proof. This result follows since s = Pgf is the best approximation to f
with respect to the norm

H
n M§

T3 e 3+ Y, [ s v

+ 3 [t +f f (ram(x, YY) dy dx.  (5.6)

i=1"¢C

The second result is a generalization of Schoenberg’s Theorem (Schoenberg
[9]). Suppose A is a linear functional belonging to

m—1 n-1

o = D Af=3 ¥ f f £50x, y)d i, ¥),
=0 j=0
iy of bounded variation;. 5.7

Following Sard [8], we approximate A by A* where

k l k i
¥ = Z Z vaf (X, y;) = Z Z Yiikiifs (5.8)
i=1 j=1 i=1 j=1
the y,; being constants, and the A; bounded linear functionals, as in (4.2).
The v;; are chosen as follows.
First, )\* is enforced to be exact for fe N, i.e., for functions of the form
Z:"_ol ZH, 1%, m;; constant. Now apply R = A — A* to (3.14):

Rf = ﬁ f "V 10 1)+ z f; Uy(s) fi(s, y5) ds

n f: fcd Wis, 1) f,m(s, 1) dt ds, (5.9)

where
)m—l

UL = =140 gl 9] = R0 [a0) ST, (sa0)

Vi(t) = RED[e(x) h(y, )] = R [ex) %} (5.11)

W(s, t) = R®¥[g(x, 5) h(y, 1)]

e [ =95y — Y (J’a i
=R e =] — Z w=nr U

& (s — S)in_l

-2 (m — 1)1

i=1

Vd2). (5.12)
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We can now estimate (5.9) by

irf <[5 [ vorat 3 [T wgopds+ [ ons oparas]

Xﬁjﬂmmﬁww+éf%mmyﬁ

i=17¢
[ s, op aras] (513)

splitting the contributions of fand the y;; . The remaining degrees of freedom
in the y;; are now removed by minimizing

mo . ~

’Qmwm+ffﬂwmmijﬂmmmm@<M@

j=1"6

Such approximations are exceedingly difficult to construct, in all but the
simplest cases. The task, however, may be by-passed by our generalization
of Schoenberg’s Theorem.

THEOREM 5.2. A* satisfies
A = MPsf). (5.1%)

Proof. Firstly, we construct another approximation to A, of the same
form as A*,

=Y Y fohuf (516)

Let /& be the representer of A in H, and & that of A. k,;, the representers of
As;, span S. Let

R=2x—2} (5.17)
then
| R = sup |RfI. (5.18)
BFN<1

Choose &;; , and hence fix A, to minimize || R . But

k 12 .
IRl =|h—3 % &ukul, (5.19)
i=1 j=1 '
so h = Pgh, and A satisfies property (5.15).
We finish the proof by showing A* = X. Note that A, from (5.15), is
exact for f€S, and, a fortiori, for fe N. But ) also minimizes || R} over
N o= 2?:1 Z;=1 BisAi; , and hence is identical to A*,
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6. COMPUTATION OF POLYNOMIAL SPLINES

We now consider the computation of the polynomial spline function of
degree 2m — 1,2n — 1) (ie, 2m — 1 in x and 2» — 1 in y), with inter-
polation conditions

S(xi B yg) = Fyj» i= 1,..., k, j = 1,..., 1A (6.1)

Define {x, ,..., x;} and {, ,..., ¥;} to be knot generating sets, assuming
a <X <Xy << om <X < b,
(6.2)

<y <y <<y <d

We use (m, n) to represent the degree of a polynomial or spline function
if it is of degree m in x and n in y.
It can be shown easily that s takes the form

S(x y - 2 Z:l aij(x xz)zm l(y y7)2” - + Z p%(y)(x — X3 2m——1

+ Z Xy — ¥+ P(x, ), (6.3)

where P is a polynomial of degree m — 1, n — 1), p; and g; are polynomials
of degree n — 1 and m — 1, respectively, and the «;; are constants. We also
have conditions

k
Z aijxi” = 0, ¥ = 0, 1,..., m — 1, j — 1,..., l, (643.)
i=1

2

Z (Xz-]'yjs = 0, S = 0, 1,..., n— 1, i — 1,..., k, (6.4b)

i=1
k
Y x/p(y) =0, r=0,1,..,m—1, (6.4¢)
i=1

13
Yy ) =0, s=01..,n—1, (6.4d)

This approach to the problem of computation is ruled out in the one-
variable case due to the ill-conditioning of the equations. The situation
here is even worse, since (6.1) and (6.4) provide kI -+ kn -+ Im 4 2mn
equations for the &/ -+ kn + Im + mn unknowns in (6.3). (Observe, for
example, that both (6.4a) and (6.4b) imply 21“1 Z,_1 a; = 0.)



MULTIVARIATE SPLINE FUNCTIONS. I 407

Greville ([6] and, in more detail, [7]) gives a more stable construction for
the one-variable spline. We adapt it, in what follows, to the two-variable case.

Using the notation
f(xi 3 Xigl seees xi-{—m)s (65)

for the divided difference of f of order m for the points listed, we define the
““B-splines”:

Nx) = N™(x; x, oy Xpem), v =1, k —m,

NP = NG5 vy oo YVorw), 7= Loyl —n,

(6.6)

where
N"(x; 5) = (x — )77,

Ny 1) = (v —

(6.7)

We have seen in Section 5 that our spline function s(x, y) may be written
in the form

505, = X Lael) o), ©9)

where {; are constant, and u,(x) and v{y) are spline functions with knots
given by the knot generating sets, and of degrees 2m — 1 and 2n — 1,
respectively. Greville proves that

k—m

ux) = ¥ £,N"(x) + Pix),

(6.9)
v () = ¥ 1.N7) + 0,

r=1
where &, and 7, are constants, and P; and @, are polynomials of degres
m — 1 and n — 1, respectively.
If we substitute (6.9) into (6.8), we can write the result in the form

s, ¥) =3 Y BuMiAx) N{»), (6.16)

i=1 j=1
where

Mi(x) = Nf"’)(x), i=1,.,.k—m, ©.10)
xT, r=i—(k —m-+1), itk —m-+1,.,0k

and

N,-(")(y), j=1l.,l—n,

N](y) :ysa S:]—(l—n+ 1)3 .]: l-i’l—{* 13"') l7 (612>
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and the B;; are constants. This form for s(x, ) now has &/ unknowns,
determined from the &/ conditions (6.1). These unknowns are calculated by
obtaining various divided differences of s in both variables, both from (6.1)
and (6.10), and equating the results.

We define the following matrices

M: {M{(Xy 5 X1 55 Xasm)ictiot s (6.13)
N: ANy » Vort eer Vornliciinet » (6.14)
T2 {5(X, yevvs Xt 3 o rovvs Vornd Yty s (6.15)
B: (Bt (6.16)
Tt {S(X1 5 X5 3eees X3 Yy 30ens VorndYuhomet » (6.17)
Tyt {S(Xy seres X 3 Vis Vaseees V)b oty (6.18)
Po {M(xq ooy X )Vim (6.19)
Q2 {N;(¥1 poves VY io0m1 5 (6.20)
Byt {Bistoem)Yitios » (6.21)
Byt {Biirtnicti » (6.22)
Dyt {1 seees X )i umt » where fi(s) = s+, 6.23)
Dy g1 s VN300,  Where gy(t) = 77, (6.24)
Doy {50 yeeer X0 3 V1 peeer VIt vt » (6.25)
Bay t {Bit ()it o) it i1 - (6.26)

It is straightforward to construct I, I',,, I, , and I',, directly and to equate
the results with the formulae obtained from (6.10) to find,

B = M-'N-, (6.272)
B, = (D7) [,N-L — PTB], (6.27b)
B, = [M—I", — BOI(D,)), (6.27¢)

By = (DS M,y — PTBQ — D,7B,Q — PTB,D,J(D,)™ . (6.27d)

The four parts of (6.27) give the values of all the 5;;, and hence determine
s(x, ).
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D, and D, are readily inverted as they are triangular matrices. M~ is
easily found (using, say, Cholesky’s Method) since M is symmetric, (2m — 1)-
banded, and positive or negative definite according as (—1)™ is +1 or —1,
respectively. N~ is found similarly.

s(x, y) can be readily evaluated from (6.10) since M(x) and N,(y) are casily
computed.

In the one-variable case, coincidence of p knots may be interpreted as
interpolation to the first p — 1 derivatives, with a drop in continuity across
the knot, of order p — 1. The situation in the multivariate case is similar,
and coincidence in the knot generating sets can be handled by our algorithm,
provided the necessary derivatives are supplied, and the usual interpretation
is placed on the resultant divided differences, viz. they become derivatives.

7. EXTENSIONS

We have used a /4 containing only point evaluation functionals of a certain
form. This restriction may be lifted, although the reproducing kernel analysis
of Sections 3, 4 and 5 depends on A containing mr functionals which may be
split in the form

Ay = ,M?”) Vj{y), i=1,...,m j=

yeees 1. 7.0

joy

Provided this condition is satisfied, /4 may alsc contain any functionals in
Fimn) g long as the resultant set satisfies linear independence, and the
conditions (2.3) and (2.4). Indeed in Part Two of this paper [2], we require
to add linear functionals to / which alter it from the form used above.

The algorithm of Section 6, however, is not adaptable to general linear
functionals, and /1 must be of a form containing &7 functionals, each splittable
as in (7.1), and involving derivative evaluation of all derivatives up to a
certain order. Should A not be of this strict form, s can be constructed
numerically using Section 4, although that method tends to be an
ili-conditioned one.

Our analysis can be adapted to cover more general linear operators.
Suppose L is a differential operator in m variables x, x| x™ and

L =Ly, lnm, (

-3
[\
N

where L; operates on x® only, and is of order «;, { = 1,..., .
Impose interpolation conditions

) (@ (m}
f(xﬁi N xﬁz geens xBZ:) - 7"3132...,gm 3 {7,3}

where B; = L,., 7y, 70 2 o, § = L, M.
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Now choose
(») __ ,
M ? H Lkl (1)~m(z) , I = 1,..., m, p = 1,..., Oy
-1

k#z

ME = H Lie | o0_p 9 20 o
k=1
k. (7.4)

i,j=1...,m,i>j p=1l.,0;,g=1..,

Miﬁé ,,,,, B’i-ll Ilcazci—-il,’, - Lk | (zLxé’)

k=1 ity By = Loy gy (G = 1yeny 1, i %K)

and minimize

f:l f:z me (Ly = Lon f(&q sovey E))? dEy, - dE,

&

R N

£33 z [ iy de,,
k=1 B;=1 =1 " %k
subject to the constraints (7.3).
The result is a spline function in m variables, which is a piecewise function,
each piece being of the form

S Y Mgps, e g, (71.6)

where ué:’ is one of the basis elements of the null-space of L, . Explicit
construction of the spline function is possible using a reproducing kernel,
which turns out to be the product of m one-variable reproducing kernels.
We can also adapt the construction of Section 6 to the case of m variables,
for m > 2, but the algorithm is no longer expressible in neat matrix form.

8. CONCLUSION

The properties shown in Section 5 make spline functions valuable for
practical use in interpolation, numerical differentiation and quadrature. In
Part Two of this paper, we consider the computation of “best” error bounds
for application of the two-variable splines to these problems.
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