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CUBIC SPLINES WITH MINIMAL NORM*
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Abstract. Natural cubic interpolatory splines are known to have a minimal Lo-norm of its
second derivative on the C? (or W22) class of interpolants. We consider cubic splines which
minimize some other norms (or functionals) on the class of interpolatory cubic splines only.
The cases of classical cubic splines with defect one (interpolation of function values) and of
Hermite C'! splines (interpolation of function values and first derivatives) with spline knots
different from the points of interpolation are discussed.
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1. INTRODUCTION

Let us be given an increasing spline knotset x;, i = 0(1)n + 1 on the real axis with
prescribed values s;, i = 0(1)n+1 at the knots x;. The cubic splines s(x) = s31(x) €
C? interpolating the prescribed function values have two free parameters which can
be used for some boundary condition prescribed or to optimization purposes. The
natural cubic interpolatory spline (with BC s”(z¢) = s”(zn+1) = 0) is known to min-
imize the Lo-norm of the second derivative on the class of interpolants from C?(W3)
(see [2], [5]). We can search for cubic splines minimizing some other norms of the
spline or of the vector of the corresponding derivative values at knots (or another
functional which can give a measure of some geometric or physical properties of the
process described by the data given). When at a knot x; we are given the function
value s; = s(z;) and the value m; = s'(x;) of the first derivative, then the Her-
mite local cubic interpolatory spline s32(s) € C! is determined uniquely. To obtain
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some free parameters, let us prescribe such data at some points of interpolation t;,
i =01)n; x; < t; < wig1; i = s31(ti), pi = s5;(¢;). We obtain again some free
parameters which can be used for minimization purposes. There is an open question
of the optimal position of knots with respect to the data given.

We will consider the cases of minimized functionals (spline norms squared)

Tn+1
Jk(s):/ [s®)(2)]?dz, k=0,1,2,3

0
or the corresponding discrete analogs

n+1
Tra(s) = Y wilsW(z)]?, k=0,1,2.
=0

In the simplest cases (Jiq with w; = 1) we can obtain the optimal parameters
using the pseudoinverse solution of the system of continuity conditions (see [1]).
The cases when the functional Ji4(s) can be expressed as a scalar product with a
symmetric positive definite (SPD) matrix can be treated with a special least-squares
(LSQ) technique (see [6]). More generally, we can use the quadratic programming
techniques (equality constrains are given by the spline continuity conditions)—see

e.g. [4].

2. CLASSICAL CUBIC SPLINE

2.1. Local representation with the second derivative.

With the prescribed knotset and function values given [{z;, s;}, i =0(1)n+1] let
us denote h; = ;11 —x;, u = (x—x;)/h;, M; = s5;(x;). Then the local representation
of the spline s31(z) = s(z) in the interval [x;, z;+1] can be written as

(1) s(z) = s(z; +uhi) = (1 — u)s; +usiy1 — shiu(l — u)

The spline continuity conditions (CC) which guarantee C2-smoothness can be writ-
ten for this local representation as the recurrence (see e.g. [5])

(2) hi—i M1 + 2(hi—1 + hi) M + hi M1 = 6(hi—1 + hq)[xi—1, i, Tig1]s,
i =1(1)n.

The (n,n + 2)-matrix on the left-hand side of CC has the full row rank. The un-
known local parameters M; of the unique cubic spline which minimizes the functional
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Joq(s) = M|} = Z M? can be simply computed as the unique solution with mini-
=0
mal norm of the underdetermined system (2) using the pseudoinverse matrix (see [1]).

For the functionals Ji(s) mentioned above we can obtain the expressions

1 n
+ h4(16M.2 + 31M; M;y1 + 16 M2, )]

7560 th” [336(5iMi + si41Mii1) + 294(s:Mi1 + siy1M;)],

n

1 h
(4) Ji(s) = ™ |:(Sz —sis1)” + 180 (4M? + TM;M; 1 + 4MZ+1)
i=0 "
1 < 1
(5)  Ja(s) =5 > hi(MP + MMy + M2,) = -MTR,M,
3 & 6
"1
(6) J3(s) = h—(Mz+1 M;)? = MTRsM.
i=0 "

The existence of optimal solutions we search for follows from the nonnegativity
of the functionals Ji, Jrq. The matrices of the quadratic forms Jy(s), Ji(s), J2(s)
(with respect to the unknown parameters M;) can be written as symmetric positive
definite (SPD) matrices, the matrix Rg in Js(s) is singular. We can use the LSQ
approach (see [6], [3]) to the CC as recurrences (difference equations) for computing
the optimal values of parameters M;. More generally we can use algorithms of
quadratic programming with equality constrains. The positive definiteness of the
matrix of the quadratic form causes then the uniqueness of the minimizer. We can
see that in the “continuous” case of J3(s) the solution exists, but need not be unique
(there is no discrete analog). In the case of an equidistant spline knotset we can
prove the uniqueness of the minima of Js(s)—when we denote by Z the matrix of
the nullspace of the system of CC conditions (2), then the (2,2)-matrix ZTR3Z is
SPD (the result should be valid also for slightly nonequidistant knotsets).

To discuss the discrete variant with Ji4(s), we have to use another local repre-
sentation. The results obtained till now will be stated in a theorem in the next
subsection.
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2.2. Local representation with the first derivative.
We can use the unknown values of s'(z;) = m; as local parameters in the cubic
spline representation (u = (x — z;)/h;)
(7) s(z) = (1 —uw)?(1 + 2u)s; + u?(3 — 2u)s;41
+ hiu(l —uw)[(1 — u)m; — umggq].

The continuity conditions can be now written as recurrences (see [7], [5])
(8) a;m;—1 + 2777,2 + CiMi41 = fi, = 1(1)7’L

with coefficients

h;

©) 4= hi—1+ hi;

Sit1 — Si Si — Si—1
CZ':].fai; fi:3CiZ hz Z+ai Zhi_i :|
The matrix of CC has the full rank and so we can compute the local parameters m;
of the unique spline with minimal /5-norm of the vector m using the pseudoinverse
approach to the system (8).
We can compute again the expressions for functionals Ji(s) and obtaining

1 n
(10) Jo(s) = 210 Z hilhZ (2m — 3mimig + 2m3, )
=0
+ hz(2251 + 13si+1)mi - hz(13sz + 225i+1)mi+1

+ 7857 4 Bdsisit1 + 788?+1],

n
h;
A1) Sl = Y [fEem! —mimis +2m2,)
1=0
1 6 ,
+ 2 (i = sipa) (i M) + = (85 = siv1) },
"1
(12) J2(S) =4 |:Z h—(mf +mimi41 + m§+1)
i=0 "
+> 7z (i 4 mig1)(si = siv) + > 73 (i = sir1)”|,
i=0 't i=0 ¢
"1
(13) J3(s) :362ﬁ[2(si — si41) + hi(ms +mi1))?
i=0 %

We can see again the positive definiteness of matrices of quadratic parts in the
functionals Ji(s), k = 0,1, 2, which ensures the uniqueness of the minima. For the
functional J3(s) we have again positiveness only—but on the equidistant knotset we
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can prove uniqueness similarly as in the foregoing case (positive definiteness of the
projection of the matrix of the quadratic form to the nullspace of CC).

The optimal solutions to our problem can be computed using quadratic program-
ming algorithms. On the equidistant knotset we can use the special LSQ technique
for solutions of difference equations, described in [6]. The following theorem com-
pletes our results for the functionals Ji(s) and Jxq(s).

Theorem 1. For given spline knots x and function values s at the knots there
exists a unique cubic interpolatory spline with minimal value of J14(s) or J2q(s). Its
local parameters m; = s'(z;) or M; = s"(x;) can be computed as the pseudoinverse
solution to the underdetermined system of CC (8) or (2).

There exist also unique cubic splines with minimal values of Ji(s), k = 0,1,2.
Their local parameters m; or M; can be computed by quadratic programming algo-
rithms or some special LSQ algorithms as minimizers of Ji(s) under the correspond-
ing continuity conditions.

On the equidistant spline knotset there exists also unique cubic spline with minimal
value of Js(s).

Example 1. For the discrete data x =0:1: 20,
s=[15 11 350 -2 -7 -1 6 10 12 16 19 17 13 12 8 6 4 1 0]

we have computed the cubic natural spline and the cubic splines with minimal norms
of the vectors m, M. The very similar results are plotted in Fig. 1.

norm(m)=17.2

norm(M)=22.3
10r

- cubic natural spline - full
= min norm(M) - dots
= min norm(m) - dash

(small differences)

-10 L L L L L L I I I
0 2 4 6 8 10 12 14 16 18 20

Figure 1. Cubic spline interpolants to discrete data.
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3. HERMITE CUBIC SPLINE

When we are given the function value and the first derivative value at each knot z;,
then there exists a unique Hermite spline s32(z) interpolating these values—there
are no free parameters for any optimization. But we can consider the same problem
with the data t;, g; = s(t;), pi = §'(t;); i = 0(1)n with different spline knots x;,
1t = 0(1)n + 1 (the connection of neighbouring segments with possible jumps in the
second derivative will be between the points of interpolation; we can then influence
the curve shape by the choice of the knots). For the most frequently used case of
t; = (z;+2i41)/2 we can write the spline local representation with the local variable
u=(x—ux;)/h; as

(14) s32(x) = (2u — 1)2[(1 — u)s; + usit1]
+ 4u(l — u)g; + 2h;u(l — u)(2u — 1)p;.

The condition of the first derivative continuity gives the spline continuity conditions
as the recurrences (i = 0(1)n — 1)

(15) 1 +5(1 n 1 ) 1
R VTR Y A P
1
:4<_z’ i ) 2(pi — Pit1)-
9 +hz+1g+1 +2(pi — piy1)

Similarly as with classical cubic splines we have now two free parameters, which we
can use to fulfil some boundary conditions or for optimization purposes. We can see
that the matrix of CC (15) has the full rank. When we want to have the interpolant
from C? with the same knots, then we have not to prescribe the derivatives p;, but
to compute them so that the conditions for the second derivative continuity

(16) 1 P ( 1 1 ) n 1
_ g — — —— ) Sit1+ ——Sit2
A VRN RS
_ ( 1 1 ) n 3( 1 n 1 )
= h%gz h§+1gz+1 5 hipz hi+1pz+1

are also valid. Both systems (15), (16) of such CC form now a block system of
equations for computing the local parameters s;, p; with three free parameters. Using
the pseudoinverse approach we can compute the local parameters s;, p; of the spline
with minimal norm of the vector [s, p].
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From the representation (14) we can compute the values of the functionals Jj(s)—

we obtain
1 n
(17) JO(S) = ﬁ Z hi[(14gi — 3hipi)81‘ + (1491‘ + 3hipi)8i+1
i=0
+ 952 + 3si8i11 + 953+1 + 5692 + 2h?p?],
1 1
(18) Ji(s) = I E[—(8Ogi — 24h;p;)s; — (80g; + 24hip;)sii1
i=0
+ 4757 — 145;8;41 + 4757, 1 + 8097 + 12h7p7],
"1
(19) JQ(S) = 162 ﬁ[_(élgi — 6h1pz)81 — (4gi + 6hipi)8i+1
i=0 ¢
+ 48?7 — 45,841 + 4871 + 497 + 3hIp],
1
(20) J5(s) =576 _ o5lsisr — si — hipi]”.
i=0 ¢

We can see here the positive definiteness of the matrices of the quadratic forms Ji(s),
k =0,1,2 and together with the full rank of the matrices in CC (15) we can so prove
the uniqueness of their minima. The matrix of the quadratic form J3(s) is singular.
Contrary to the case of cubic splines ss1(z) there is not a unique minimum. To
the given input data {g;,p;} we can find such a constant p that the Hermite spline
with input data {g;, p; + p} gives the same value to the functional Js(s). A simpler
construction of such counterexample will be given in the next section. We summarize
the results of this section in the following theorem.

Theorem 2. On the spline knotset with points of interpolation at the midpoints
of intervals there exist unique Hermite interpolatory splines which have minimal
values of Ji(s), k = 0,1,2 and Joq(s) for the data [z;, g;, p;] given.

Remark. We can expect similar results in the case of slightly shifted knots z;.
When we denote u = (x — x;)/hi, di = (t; — x;)/hi, we can obtain the spline local
representation for such a general knotset as

1
s(x) = ﬁ[df +d;i(1 — di)u + (1 + 2d;)u® — u?]s;

(3

1
+ ——u(u+ d)?sii1

(1-4d,;)
u (9 _ 34 2 _ — 92d u2la:
+ B —d,) [d:(2 —3d;) + (3df — Du+ (1 — 2d;)u”]g;
hiu 9
+ m[dz - (1 + dz)u +u }pz.
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The first derivative CC can be written in such a general case as

1 /d; —1\2 1di—3 1 digs+2 1 [ digr N2
21) — (2 ") g, — PP (P st P
(21) h( d; )S“L {h-d-— P di }Sz“ hm(qu) Fit2

_ 1 3di-1 1 2-8dip
hi 2(d; — D)7 hiy dia (dia — 1207
+

1 it 1

d dis1 — lpz+1~
To write down the expressions for functionals considered and to discuss the unique-
ness of the optimal solution is more involved now.

4. FIRST DERIVATIVE AS THE LOCAL PARAMETER

With the given data [t;, g;, p;] from the foregoing section we can choose the values
[mi,miy1], m; = s'(x;) of the Birkhoff interpolation problem as completing local
parameters. The corresponding local representation in the simpler case of ¢; =
(i +xig1)/2 (d; =1/2) is

3 5
(22) (@) = gi+ b (G0 ——u2+u——)mi
4 3 2 1 2 3
- (5“ S §)pi + (5“ N 2“ + 24)””“}'
The spline continuity conditions for s(z) € C! are now (i = 0(1)n — 1)

(23) —him; + 5(hi + Rig1)Mig1 — Rip1miyo

1
= (hipi + hi+1pi+1)} -

= 241911 —9i — 3

The matrix on the left-hand side of these CC has full rank. With help of the pseudoin-
verse we can compute from this system of n equations with n + 2 unknown parame-
ters m; the solution with the minimal value of J14(s). When we do not prescribe the
values p;, we can compute them so as to obtain s(z) € C? which obeys the CC (23)
and the following C? conditions:

(24)

1 1
—m; + 3<_

L )
h; hi  hita Pit1)-

1
2 4<_ [
T M2 = hip + Tt

1
)szrl + I 1
i

We have again three free parameters in a block system of equations. We can also

use these relations in the derivative interpolation problem, where only the values p;
are given. We can now find the pseudoinverse solution m from (24), to choose the
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value go and then compute recursively the remaining values g; from the first part
of CC (23).

We can compute the expressions for the functionals Ji(s) in such a representa-
tion—we obtain

n

(25)  Jo(s) = 2016 Z (256hip; — 1680g;) + hi(256h:p; + 1680g;)mi 41

+ h3(83m7 — 86m;mit1 + 83m7, 1) + 2016097 + 1088h7p?],

n

1
(26) Jl(S) = 1—5 [Zpi(mi + mi+1) + 277112 — m;mit1 + 2m?+1 + Spﬂ,
=0
1 = 1 2 2 2
(27)  Ja(s) = 3 Z s [Tm; 4+ 2mimiyq + Tmi — 16p;(m; + mig1) + 16p;],
=0 !

(28) Js(s) = 162 h15 (m; +mip1 — 2p;)%

1=

We can establish again the positive definiteness of the matrices of the quadratic forms
for £k =0, 1,2, which—together with the full rank of the matrix in CC—ensures the
uniqueness of the optimal spline, as stated above in Theorem 2. The matrix in J3(s)
is again singular. Now it is easier to see that the two different splines determined by
the data [g;, p;] and [g;+g, p;] with an arbitrary constant g correspond to splines with
equal values m; (see (23)) and an equal value of the functional. We can complete
our results now as follows.

Theorem 3. For a given spline knotset [x;] and data [t;, ¢;,p;] with t; =
1(x; 4+ wi41) there exists a unique Hermite interpolatory spline with a minimal
value of J14(s). We can compute its parameters m as the pseudoinverse solution to
the system (23).

There is no unique Hermite spline with a minimal value of J3(s).

Given the data [z;], [p; = s'(t;)], ti = 5(x; + zi41), i = 0(1)n only, then the
spline s31(x) interpolating the derivative values p; with a minimal value of J14(s) is
determined uniquely up to an additive constant (initial condition).

Remark. For the general position of the points of interpolation ¢; between the
knots x;, x;+1—described by the parameters d; = (¢; — x;)/h;—the local Hermite
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spline representation can be written as

(29) 532(u) =g; + %[d?(dz — 3) + 6d;u — 3(1 + dz) + 2u3]mi
hi 3 2 3
+ 601 7di)[di — 3du” 4 2u”myiqq
hi

77d2 —2d;) — 2 2 3 i

The continuity conditions for the first derivatives are now

D h;
—=L(1 = di)my + [hi(1+ di — d2) + hig1die1 (3 — diga)mits — ——d3ymips
d; 1 —dit1
_6 hi hit1
=6(g9i+1—9i) — 7 (1 —di)(2d; + V)pi — ———di+1(3 — 2di41)pit1-
d; 1-— di+1

The expressions for the values of the functionals Ji(s) are too lengthy to be written
here.

Remark. It would be possible to consider also the problem of the mean value
interpolation (histopolation) with cubic splines. In such a case we could not use the
function value at the midpoint as the local parameter.

Example 2. Forx =—1:2:11;t =0:2: 10 and the values of the function
f(u) = (5 —u)cos(u) and its derivative we have computed the natural cubic spline
with knots and values at the knots x;, the cubic spline with a minimal norm of the
vector m and Hermite interpolants with points of interpolation ¢; and minimal norms
of vectors s, m. The results obtained are plotted in Fig. 2.

min norm(m) - full

natural cubic - dash
min norm(s) — dash-dot

interpolated function — dots
stars * - points of interpolation

circles o - knots

interpolated function f(t)=(5-t)*cos(t)

-3 L L L L I I
-2 0 2 4 6 8 10 12

Figure 2. Hermite spline interpolants.
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